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Viral infection is a putative causal factor for the development of type 1 diabetes, but the exact pathogenic
mechanism of virus-induced diabetes (VID) remains unclear. Here, to identify the critical factors that
regulate VID, we analyzed encephalomyocarditis D (EMC-D) VID-sensitive DBA/2 mice in comparison
with resistant B6 mice. EMC-D virus-induced cell death occurred more frequently in DBA/2 B-cells than
in B6 B-cells with 100U/ml IFN-B priming in vitro. We therefore purified B-cells using flow cytometry

é(teyt‘;"’rds" from mice two days after EMC-D virus infection and subjected them to microarray analysis. As a results,
a4 innate immune response pathway was found to be enriched in B6 B-cells. The signal transducer and
DBA/2

Virus-induced diabetes activator of transcription 2 (Stat2) gene interacted with genes in the pathway. Stat2 gene expression levels
B-Cell were lower in DBA/2 mice than in B6 mice, restrictive to -cells. Moreover, administration of IFN-f failed
to upregulate Stat2 gene in DBA/2 B-cells than in those of B6 in vivo. The viral titer significantly increased
only in the DBA/2 pancreas. Thus, these provided data suggest that impaired upregulation of Stat2 gene

restrictive to B-cells at the early stage of infection is responsible for VID development in DBA/2 mice.
© 2019 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Type 1 diabetes (T1D) is caused by insulin-producing pancreatic
B-cell destruction, usually leading to absolute insulin deficiency [1].
The number of T1D is increasing annually by approximately 3%
[1,2]. Genetic factors have been widely reported as risk or protec-
tion factors for T1D; however, these risk factors cannot fully explain
why the number of T1D cases has been increasing globally. The
causal mechanisms for the increase in T1D prevalence remain un-
clear but may be due to changes in environmental risk factors and/
or viral infections [2]. Human T1D research has suggested a close
link with enterovirus, especially coxsackievirus B, which belongs to
the Picornaviridae family. Enterovirus-associated VP1 antigen and
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enterovirus RNA are often detected in pancreatic islets, and an in-
crease in anti-enterovirus antibodies has been observed in blood
from T1D patients [3—5]. Furthermore, fulminant T1D, a clinical
phenotype of T1D with abrupt onset, strongly suggests a viral
contribution to the etiology [6].

In an experimental animal model, the D variant of EMC (EMC-D)
virus, which belongs to the Picornaviridae family and harbors the
capsid protein VP1 with Ala 152, induces diabetes in selected
strains of inbred mice. After intraperitoneal infection with EMC-D
virus, male SJL, SWR, and DBA/2 mice develop diabetes, while
C57BL/6, AKR, and LP mice or female do not [7]. In contrast, the B
variant of EMC virus, which possesses capsid protein VP1 with
Thr152, does not induce diabetes in any strains of mice [8]. These
observations demonstrate that the interplay between the genetic
background of both the host and virus determines the outcome of
VID [5,9]. This VID model is useful for analyzing the pathogenesis of
VID and B-cell biology in vivo [10—12].

Viruses could contribute to diabetes development in several
ways: direct B-cell virolysis, triggering B-cell-specific autoimmu-
nity, bystander damage via local inflammation, and the induction of
dedifferentiation [13,14]. Although innate immunity plays a central
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role in protecting against picornavirus infection [15], the role of
innate immune responses in VID is controversial [10,11,16—20]. In
addition, the details of B-cell responses in viral infection associated
conditions in vivo and the pathogenic mechanisms of VID are not
fully understood. Here, we analyzed purified p-cells from EMC-D
virus-infected mice and found that Stat2 gene and antiviral genes
expression was reduced specifically in DBA/2 B-cells at the early
stage of infection; thus, impaired Stat2 gene upregulation specific
to B-cells is responsible for VID susceptibility in DBA/2 mice.

2. Materials and methods
2.1. Mice

C57BL/6], DBA/2N, and B6D2F1 mice were purchased from
Japan KBT. All mice were maintained under specific pathogen-free
conditions and provided with food and water ad libitum. Age- and
gender-matched mice were used for all experiments. This study
was approved by the Committee of Ethics on Animal Experiments
of the Faculty of Medicine, Kyushu University (A30-128-0), and
Faculty of Medicine, Saga University (29-045-0). Experiments were
carried out according to local guidelines for animal experimenta-
tion. Blood glucose levels were measured using the glucose oxidase
method (Sanwa kagaku kenkyusho). Levels of IFNs were measured
by ELISA (pbl Assay Science).

2.2. Virus

EMC-D virus was kindly provided by Dr. A.L. Notokins, NIH, USA,
and J-W Yoon, University of Calgary, Canada.

2.3. Histopathology

Pancreas specimens were immersed in 4% (w/v) para-
formaldehyde overnight at 4 °C and then embedded in paraffin. Cut
sections (4 um) were subjected to hematoxylin and eosin (H&E) or
immunofluorescence staining. See supplemental material for
detailed information.

2.4. Quantitative PCR

Total RNA from MEFs was extracted using ISOGENII (Nippon
Gene), and total RNA from pancreatic B-cells was extracted using
NucleoSpin RNA XS (Mna). The RNA quality was verified by running
samples on an Agilent 2100 Bioanalyzer (Agilent Technologies).
cDNA was synthesized using a High Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems) and analyzed using PowerUP
SYBR Green Master Mix (Applied Biosystems) and an ABI 7500
Real-Time PCR System (Applied Biosystems). All gene expression
values were relative to the Gapdh signal. See Table S2 for primers
used.

2.5. Islet isolation, mouse embryonic fibroblast (MEF) preparation
and cell death assay

Islets were isolated using 1 mg/ml collagenase-P (Roche) and
Histopaque-1077 (Sigma Aldrich) as previously described [21] with
minor modifications. B-cells were stained with an Apoptotic/
Necrotic Cell Detection Kit (PromoKine). MEFs were prepared from
C57BL/6 or DBA/2 E13 to E14 embryos. See supplemental material
for detailed information.

2.6. Purification of pancreatic (-cells using flow cytometry

Purification of B-cells was performed as previously described

[22]. Briefly, islets were dissociated using TrypLE express for
9 min at 37 °C. Dissociated islet cells were washed with RPMI1640
containing 10% FBS and resuspended in medium. Dissociated islet
cells were stained with FluoZin-3-AM (Invitrogen) and tetrame-
thylrhodamine ethyl ester perchlorate (TMRE; Life Technologies)
and an anti-Cd45 antibody (BD) for 30 min at 37 °C. FluoZin-3-AM-
positive and TMRE-positive cells were sorted using a FACSAria Il
(BD) (Fig. S3A). We added 1mg/mL propidium iodide (Sigma
Aldrich) to the cell suspension just before flow cytometry.

2.7. Microarray analysis

We used an Affymetrix Clariom D Assay Mouse Array for the
analysis. Microarray analysis was kindly provided by Cell Innovator
(Fukuoka, Japan). The accession number for the data is GEO:
GSE132388.

2.8. SiRNA

Cells were transiently transfected with siRNA or control siRNA
using Opti-MEM (Gibco) and Lipofectamine 3000 reagent (Invi-
trogen). After 24 h of incubation with the transfection reagent, the
medium was changed, and mouse IFN-B (100 U/ml) was added.
After 3 h of stimulation with IFN-f, total RNA was extracted using
ISOGENIL. See Table S3 for siRNAs used.

2.9. Statistical analysis

Statistical analysis was performed using the statistical program
R (http://cran.r-project.org). Values of p < 0.05 were considered to
represent statistically significant differences. All data are expressed
as the mean + sem. *p < 0.05, **p < 0.01; two-sample t-test.

3. Results
3.1. Administration of type 1 IFNs failed to overcome the VID

To assess the clinical course of EMC-D VID, we intraperitoneally
challenged male B6 and DBA/2 mice with 1 x 10> PFU of EMC-D
virus. The viral titer was significantly increased in the DBA/2
pancreas three days after infection (Fig. 1A). Effective viral clear-
ance at five to seven days post infection was observed in both the
B6 and DBA/2 pancreas (Fig. 1A), suggesting that viral growth levels
within three days after infection are critically associated with the
development of diabetes. Levels of serum type 1 IFNs concentration
and gene expression of type 1 IFNs in MEFs after EMC-D virus
infection were variable but tend to be higher in DBA/2 mice
(Fig. 1B,S1). To ascertain the role of type 1 IFNs precisely in vivo, we
performed adoptive transfer of type 1 IFNs after infection for four
consecutive days, and found that even high-dose type 1 IFNs could
not prevent EMC-D VID in DBA/2 mice (Fig. 1C). DBA/2 islets with or
without type 1 IEN transfer were extensively damaged and had a
markedly decreased number of insulin-positive cells (Fig. 1D and E).
These results raised the possibility that candidate molecules
responsible for VID involved downstream of the type 1 IFN
signaling pathway but not the type 1 IFN production pathway.

To clarify the genetic basis of susceptibility to EMC-D VID, F1
hybrid mice (B6D2F1 and D2B6F1) were also infected with EMC-D
virus. Male F1 hybrid mice developed EMC-D VID (Fig. 1F), indi-
cating that the molecule controlling susceptibility to EMC-D VID
operates in a dominant fashion.

3.2. DBA/2 islets are damaged before immune cell infiltration

We found that both B6 and DBA/2 islets had mild infiltration of
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Fig. 1. Ineffectiveness of IFN to resist against EMC-D VID. (A) Viral titers in the pancreas (n=3—4). (B) Serum IFN-a and IFN-f concentrations (n=4). (C) Blood glucose levels
(n=4-9). Animals with blood glucose levels exceeding 250 mg/dl were diagnosed as diabetic. (D) Histopathology of paraffin-embedded pancreas sections stained with H&E or
anti-insulin (green) and anti-glucagon (magenta). Scale bar, 50 um. (E) Insulin positive areas in the islet cell mass (n =4-5). (F) Blood glucose levels in BGXDBA/2 F1 mice (n = 7).

Cd45-positive cells at three days after infection, while insulin-
negative areas, possibly damaged B-cells, were observed only in
DBA/2 islets (Fig. 2A). At five days after infection, in contrast to B6
mice, DBA/2 mice showed severe Cd45-positive cell infiltration into
the islets along with extensive islet destruction (Fig. 2A). These
observations suggest that virus-induced islet-cell lysis, coinciding
with peak of viral replication in the pancreas (Fig. 1A), is the first
step of islet-cell destruction followed by inflammatory cell infil-
tration into the islets.

3.3. DBA/2 (3-cells show reduced responsiveness to type 1 IFN

To clarify whether target-cell defense is important to prevent
VID, we assessed virus-induced B-cell death in vitro. Isolated islets
were cultured with or without IFN-B, and infected with EMC-D
virus. IFN-$ per se did not induce B-cell death under the tested
condition (Figs. S2A and B). Following EMC-D infection, IFN-f
priming (100 U/ml) increased the staining of healthy nuclei in B6 -
cells but not in DBA/2 B-cells (Fig. 2B and C). Annexin V staining, a
marker of apoptosis, was increased in DBA/2 B-cells (Fig. 2B and C).
However, MEFs showed comparable healthy nuclear staining under
the same condition (Fig. 2D and E). In contrast to in vivo IFN
administration (Fig. 1C), a high dose of IFN-B priming maintained
DBA/2 B-cell health in vitro (Figs. S2C and D), suggesting that both
virus-mediated direct cell lysis and immune cell-mediated
inflammation induce B-cell damage in vivo. The number of cells
positive for Caspase-3, another apoptosis marker, was increased
only in DBA/2 islets in situ at day five (Fig. S2G). These observations
taken together suggest that B-cell death is caused by virolysis at the

early stage of infection, and B-cell death is apparently enhanced by
local inflammation, which may induce apoptosis, occurring
throughout the clinical course. Thus, these findings suggest that
DBA/2 B-cells are damaged by EMC-D virus due to impaired cell
type-specific responsiveness to type 1 IFN.

3.4. Innate immune response pathway is enriched in B6 3-cells

To assess the context-specific gene expression profile in B-cells,
viable B-cells were stained with FluoZin-3-AM and TMRE [22],
purified by flow cytometry from two days after EMC-D infected
mice (Fig. S3A), and devoted to microarray analysis. We found that
290 out of 26596 gene probes were expressed significantly higher
in B6 B-cells than DBA/2 B-cells (>twofold, p < 0.05) (Fig. 3A). The
114 of the 290 highly expressed gene probes in B6 -cells were ISGs
induced by type 1 and 2 IFNs (Fig. S3B). The gene ontology (GO)
biological process enrichment analysis showed that differentially
expressed genes in B6 B-cells were most enriched in the innate
immune response pathway (p <4.5E-20) (Fig. 3B). Moreover, we
conducted a microarray analysis for B6D2F1 B-cells derived from
two days after infected B6D2F1 mice (Fig. 3C). Differentially
expressed 702 genes in B6 B-cells also showed enrichment for the
innate immune response pathway (p <3.8E-33) (Fig. 3D). Virus
recognition molecules and IFN associated genes tended to be highly
expressed in B6 B-cells than in DBA/2 and B6D2F1 B-cells (Fig. S3C).
In contrast, differentially expressed genes in DBA/2 and B6D2F1 3-
cells did not show enrichment of immune-related pathways
(Fig. 3B,D). The microarray data revealed that apoptosis-related
genes were not upregulated in DBA/2 B-cells at two days after
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(n=5). Scale bar, 50 pm.

infection. All chemokines were expressed at higher or comparable
levels in B6 B-cells, except for Cxcl11, Ccl25, and Cx3cl1. There were
only a few signatures of endoplasmic reticulum (ER) stress and f-
cell dedifferentiation in DBA/2 B-cells (Fig. S3C). Comparable
expression levels were observed in IFN receptors. Notably, the
expression of many antiviral genes was impaired in DBA/2 and
B6D2F1 B-cells than in B6 B-cells (Fig. 3E). These in vivo viral
infection associated condition-specific transcriptomic analyses
suggest that, at the early stage of infection, the innate immune
responses are impaired in DBA/2 and B6D2F1 B-cells.

3.5. Identification of hub gene, orchestrating innate immune
responses in (-cells

To identify important gene associated with VID, we analyzed
158 gene probes that overlap among the genes differentially
expressed between B6 B-cells and DBA/2 B-cells or B6GD2F1 B-cells
(Fig. 4A). These overlapping gene probes also showed enrichment

of the innate immune response pathway (p <3.9E-15) (Fig. 4B).
Because intact innate immune responses are critical to prevent
EMC-D VID [10,11,17], we analyzed the 19 genes contained in the
pathway. We first examined the genetic variations of these 19
genes, and found that 9 genes (Oas2, Krt16, Acord1, Ighg2b, H2-q7,
Gbp4, Cfb, C3, and C1ra) did not have any SNPs, indels or structural
variants within the proximal promoter region (—300 to +50 bp
from the transcription start site; Fig. 4C). Given that mutations
within the proximal promoter region were not found in the all
genes (Fig. 4C), and a broad range of antiviral genes were expressed
at lower levels in DBA/2 and B6D2F1 B-cells (Fig. 3E), the gene that
interacts with a broad range of antiviral genes may orchestrate the
gene expression profile. We therefore explored hub gene in-
teractions with the 19 genes and found that the Stat2 gene inter-
acted with 10 out of the 19 genes (Fig. 4D). Stat2 gene expression
was reduced by approximately 40% in DBA/2 B-cells and 70% in
B6D2F1 B-cells compared with that in B6 B-cells (Fig. 3E). Since
Stat2 is a key transcription factor leading to the activation of ISGs
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Fig. 4. Impaired upregulation of Stat2 gene in DBA/2 B-cells. (A) The overlapping genes differentially expressed between B6 and DBA/2 or B6D2F1 B-cells. (B) Top 5 GO biological
process pathways. (C) Genes harbored in DBA/2 mice with (yes) or without (no) mutations within the proximal promoter region. (D) Gene network analysis. Genes interacting with
the Stat2 gene are highlighted. (E) qPCR of the Stat2 and Oas2 genes expression in p-cells (n = 3—5). (F) qPCR of the Stat2 gene post IFN-f administration (n = 6—8). (G) qPCR of the
Stat2, Oas2, Gbp 2, and Mx1 gene expressions (n = 4) following Stat2 gene knocked down. (H) qPCR of the Stat2 gene expression in organs (n = 4). (I) Viral titers in the indicated

organs. The data of pancreas are quoted from Fig. 1A.

[23], we focused on Stat2 gene expression conditions.

3.6. Upregulation of Stat2 gene is impaired in DBA/2 (-cells

qPCR confirmed the low Stat2 gene expression level with sta-
tistical significance in DBA/2 B-cells at two days post infection
(Fig. 4E); however, Stat2 gene expression at one day post infection
was comparable. Antiviral Oas2 gene expression levels were also
lower in DBA/2 B-cells at two days after infection (Fig. 4E). More-
over, IFN-$ administration failed to upregulate Stat2 gene in DBA/2
B-cells than in B6 B-cells (Fig. 4F). To evaluate the reduced Stat2
gene expression in B-cells, siRNAs targeting the Stat2 gene, were
transiently transfected into B-cell lines. The approximately 40%
reduction of Stat2 gene expression in response to IFN-f mimicked
that of the EMC-D viral infection condition in DBA/2 B-cells at day
two. Stat2 gene knockdown caused a dramatic reduction of ISGs
expression in B-cells (Fig. 4G), suggesting that impaired upregula-
tion of Stat2 gene lead to reduced antiviral responses in DBA/2 f-
cells.

Interestingly, Stat2 gene expression in organs other than B-cells
at two days after infection was significantly higher in DBA/2 mice
than in B6 mice (Fig. 4H). Antiviral genes were expressed at com-
parable or higher levels in DBA/2 organs than in B6 organs, except
for Oas2 in splenic cells (Fig. S4A). Consistent with these findings,
significantly high viral titers were observed in the pancreas but not

in other organs (Fig. 41). In the Stat2 gene locus, no SNPs, indels or
structural variants were detected in the DBA/2 genome sequence.
In addition, the methylation status of the CpG site in the Stat2 gene
at two days after infection was comparable (Fig. S4B). These data
suggest that Stat2 gene expression levels in B-cells may be upre-
gulated by unknown factor specific to -cells.

4. Discussion

Here, we found impaired upregulation of Stat2 gene solely in -
cells and an impaired innate immune response in DBA/2 B-cells
under challenged condition by diabetogenic virus in vivo. Consis-
tent with our data, the importance of innate immunity against f3-
cell-tropic viruses has been reported [10,11,17]. Intriguingly,
although Stat2 gene expression levels were comparable between
DBA/2 and B6 mice before infection in any organs, at two days after
infection, the levels were significantly reduced specific to DBA/2 3-
cells (Fig. 4E,H). Our results suggest that impaired upregulation of
important genes at cell type-specific and condition-specific may be
one of the causes of disease progression. It is suggests that Stat2
gene expression in B-cells is regulated by cell type-specific and viral
infection condition-associated regulatory mechanisms. Accord-
ingly, stimulation-responsive immune enhancers have recently
been studied [24,25]. SNPs located in a context-specific enhancer
did not entirely block target gene expression but rather delayed the
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timing of gene upregulation in response to extracellular stimuli
[25]. Given that DBA/2 mice have the same Stat2 genome sequence
and methylation status as B6 mice, SNPs harbored by DBA/2 mice
may possibly disrupt the pB-cell-specific stimulation-responsive
immune enhancer for the Stat2 gene, leading to a delay in the
gene upregulation. Identification of responsible SNPs for the
regulation of Stat2 expression is required.

Based on the gene interaction analysis (Fig. 4D), in the 19 genes
involved in the innate immune response pathway, we found Stat2 is
not interacted with 9 genes (Apobec3, Clra, Cfb, Fgb, Fgg, Gbp4,
Ighg2b, Krt16, and Gbp9). The data indicate that other gene(s) except
for Stat2 also associated with the innate immune responses and the
phenotype of DBA/2 B-cells. The microarray data revealed that not
only type 1 but also type 2 IFN regulated gene expression levels
were upregulated in B-cells (Fig. S3B). Antiviral genes such as Gbp4
and Gbp9 which are not regulated by Stat2 (Fig. 4D) are induced by
type 1 IFNs or IFN-v, implying that IFN-y might contribute to resist
against EMC-D VID.

The present study suggests that impaired upregulation of
condition-dependent Stat2 gene restrictive to B-cells is critical for
progression of EMC-D VID in DBA/2 mice. Intriguingly, the human
genome 12q13.2 locus, including the STAT2 gene, is associated with
T1D [26]. The identification of the key genomic region that control
Stat2 gene expression in B-cells will contribute to clarifying the
pathogenesis of diabetes in mice and humans. The organ-specific
regulatory mechanisms of gene expression have not been fully
documented, requiring further studies. This animal model will also
contribute to clarify the organ-specific regulation of target genes.
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