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Melanoma differentiation-associated 5 (MDA5), a product of the IFIHI gene, is responsible for sensing
double-stranded viral double-stranded RNA (RNA). In this study, we showed a significant association of two
rare [FIH1 variants, rs35744605 (E627X) and rs35667974 (1923V), with decreased risk of type 1 diabetes (T1D)
in a Russian population (for the allele X627, odds ratio [OR] = 0.39, 95% confidence interval [95% CI] =
Keywords: 0.22-0.69, p = 0.0015; for the allele V923, OR = 0.45, 95% CI, 0.30-0.66, p = 5.4 X 107°). We detected a
MDA5 ’ 3.5-fold greater frequency of enteroviral RNA in T1D subjects compared with controls (p <1.0 x 10~8), and
IFIH1 2.1-fold more frequent presence of viral RNA in T1D patients with a recent-onset diabetes (duration <1 year)
compared with those with a longer disease (p <1.0 x 10~8). The carriage of the predisposing IFIH1 EI/EI
haplogenotype was significantly associated with a 1.5- to 1.7-fold increase in the poly(I:C)-stimulated
secretion of IFN-B in PMBCs compared with the other IFIH1 variants. The upregulated MDA5-dependent
production of inflammatory cytokines could enhance the autoimmune destruction of g-cells mediated by
self-reactive T-cells.

© 2010 American Society for Histocompatibility and Immunogenetics. Published by Elsevier Inc. All rights

Polymorphism
Type 1 diabetes
Enteroviral infection

reserved.

1. Introduction

Melanoma differentiation-associated 5 (MDAD5), a product of the
interferon (IFN) induced with helicase C domain 1 (IFIH1) gene,
belongs to the family of RIG-1-like RNA helicases, which is a con-
stituent of the cellular viral RNA-sensing system [1]. MDAS5 has two
highly conserved structural domains: an N-terminal caspase re-
cruitment domain (CARD) comprising two CARD motifs, and a
C-terminal DExH/D RNA helicase domain closely related to that of
RIG-I [2]. The catalytic (RNA helicase) domain of MDA5 possesses
both the ATPase activity and double stranded RNA-binding capac-
ity [3]. Upon binding viral dsRNA, CARD motifs of MDA5 activate
downstream signaling cascades that result in induction of the an-
tiviral response through the stimulation of expression of type I
interferons (IFN-« and IFN-g) and proinflammatory cytokines [4].

Recently, an association between the IFIH1 gene and type 1
diabetes (T1D) was found [5]. Several common single nucleotide
polymorphisms located within the IFIH1 gene region showed asso-
ciation with diabetes, with marker rs1990760 (p.A946T) being the
most strongly associated. This polymorphism is an adenine-to-
guanine substitution located at exon 14, and resulted in an amino
acid change of alanine to threonine at codon 946. The minor Thr-
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encoding allele was associated with a lower risk of T1D (odds ratio
[OR] = 0.86; Poyerann = 1.42 X 107 1°). The association between IFIH1
and T1D in Caucasian individuals was then repeatedly confirmed
[6-11].

Nejentsev et al. [9] found that association with T1D at the IFIH1
locus may be explained by the effects of rare variants rather than by
the impact of common polymorphisms, such as rs1990760. In Cau-
casian, the authors reported association between diabetes and two
coding markers, rs35744605 (p.E627X) and rs35667974 (p.1923V),
located in exon 10 and 13, respectively, and two noncoding SNPs,
1s35337543 (¢c.1641+1G>C) and rs35732034 (¢.2807+1G>A), lo-
cated in intron 8 and 14, respectively. The minor alleles of those
markers with frequencies of less than 3% had protective effect
against T1D, which was stronger than that of rs1990760 (OR =
0.51-0.74 vs 0.85) [9].

In the coding region of IFIH1, the nonsynonymous common
substitution rs1990760 does not lie in any functional portion of the
helicase molecule, but the Ala946 allele is highly conserved among
vertebrates [5]. Shigemoto et al. [12] showed that this IFIH1 variant
influences neither dsRNA binding nor IFN gene activation. Two rare
intronic polymorphisms, rs35337543 and rs35732034, affect the
sequences of the conserved splice donor sites and therefore may
disturb a proper splicing of MDA5 [9]. The marker rs35667974
resides in the so-called MPH1 domain, which is conserved in
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ERCC4-like helicases and comprises two functional (helicase and
C-terminal) subdomains [13]. The Val923 variant of MDA5 has
reduced catalytic activity (40% of the wild-type activity) but normal
dsRNA-binding capacity [12]. The codon 627 polymorphism is a
truncating mutation that leads to the loss of the C-terminal 399
amino acid residues and synthesis of the nonfunctional product
lacking both dsRNA-binding and signaling activities [12].

The above findings suggest that rare variants of IFIH1 that are
protective against T1D are loss-of-function mutations that de-
crease expression and/or function of the RNA helicase. This is con-
sistent with observations of Liu et al. [14], who reported a signifi-
cant increase in basal levels of expression of MDAS5 in peripheral
blood mononuclear cells (PMBCs) from the carriers of common
IFIH1 variants associated with higher T1D risk. Therefore, disease-
associated IFIH1 variants are related to the upregulated production
and/or activity of MDAS5.

MDA?5 specifically senses picornaviruses, such as rhinoviruses,
echoviruses, encephalomyocarditis virus, Theiler’s virus, and polio-
virus, a prototypical picornavirus [4,15,16]. A likely role of picorna-
viruses, such as Coxsackie virus B4 and echovirus 3 as the sole
agents in the development of T1D is supported by several epidemi-
ologic and immunologic reports finding the presence of viral RNA
and antigens in the pancreas and pancreatic islets of T1D patients
[17-21]. However, the precise mechanisms by which polymor-
phisms in IFIH1 could link genetic predisposition to T1D to viral-
induced autoimmunity against pancreatic islets are poorly under-
stood and hence need to be investigated. In this study, we present
data indicating that the carriage of disease-associated rare variants
of IFIH1 (rs35744605 and rs35667974) correlate with the attitude
of the antiviral response in PMBCs of diabetic subjects.

2. Subjects and methods
2.1. Patients

We studied a total of 1615 patients with T1D at childhood and
adolescence onset. Of them, 216 patients were recruited in the
Endocrinology Research Center in Moscow as earlier described
[22]. The next 846 diabetic individuals were chosen from the par-
ticipants of a cross-sectional study for peripheral neuropathy in
T1D performed in the Department of Endocrinology and Diabetol-
ogy of the Russian Academy for Advanced Medical Studies (Mos-
cow) [23]. The remaining 553 diabetic subjects were collected
within a 5-month period (November 2009 to March 2010) in the
Endocrinology Research Center. The diagnosis of T1D was made by
diabetologists according to the criteria of the Expert Committee on
the Diagnosis and Classification of Diabetes Mellitus [24]. In all
subjects, disease diagnosis was confirmed by the presence of at least
one of the three major islet autoantibodies against insulin, islet gluta-
mate decarboxylase (GADgs5), and/or anti-tyrosine phosphate-like
molecule (ICA512/1A-2) [25].

Serum C-peptide was measured using a C-peptide Enzyme Im-
munoassay Kit (Bachem, Weil am Rhein, Germany). HbAlc mea-
surements were performed using a high-performance liquid chroma-
tography (DIAMAT, Bio-Rad, Hercules, CA). Clinical and biochemical
characteristics of patients are summarized in Table 1.

The control group comprised 1330 healthy individuals who had
no complex or systemic disease, such as autoimmune disorders,
cardiovascular pathology, or cancer. All study participants resided
in the capital of Moscow or the Moscow region. According to the
patients’ questionnaires, a total of 2275 (91.2% of 2495) subjects
had grandparents of Russian ancestry, whereas the remaining 220
patients had three grandparents of Russian ancestry and one of
either Ukrainian or Belarusian descent, i.e., nations closely related
to Russians.

The study was performed in accordance to principles of the
Declaration of Helsinki. Informed consent was obtained from all

Table 1
Clinical and biochemical characteristics of diabetic patients and nondiabetic
controls

Characteristic Type 1 diabetic Controls p
patients (n = 1615)  (n = 1330)

Male/female ratio 857/758 702/628 0.60?
Age,y 244 +11.7 26.3 +9.7 0.29
Age at diabetes onset, y 125 6.3
Diabetes duration, y 11954
Body mass index, kg/m? 213 =33 234=29 0.24
Insulin dose, U/kg 1.17 £ 0.05
HbA1lc, % 72+19 54+12 0.022
Basal serum C-peptide, pmol/ml  0.14 + 0.06 0.49 = 0.14  0.00005
Insulin antibody-positive 1365 (84)

patients, n (%)
GADgs antibody-positive 1146 (71)

patients, n (%)
ICA512/IA-2 antibody-positive 1065 (66)

patients, n (%)

HbA1c, glycosylated hemoglobin; GADG65, islet glutamate decarboxylase; ICA512/
IA-2, islet tyrosine phosphate-like protein.

Yates’ x? test; other data are compared with the unpaired Student t test.

Values are mean = SD or percentages.

subjects before participation in the study. The study protocol was
considered and then approved by the Ethics Advisory Board of the
Endocrinology Research Center.

2.2. DNA genotyping

Total DNA from a whole blood was isolated using a Genomic
DNA Purification Kit (Fermentas, Vilnius, Lithuania). Using a
Tagman allele discrimination assay, markers rs35744605 and
1s35667974 of IFIH1 were genotyped on an ABI 7500 Fast Real-Time
PCR machine (Applied Biosystems). Real-time PCR was performed
in a total volume of 25 ul contained 70 mmol/1 Tris-HCI (pH 8.8),
16.6 mmol/l ammonium sulfate, 1.5 mmol/l magnesium chloride-
(Fermentas), 10 ng of genomic DNA, 300 nmol/I of each primer, and
100 nmol/l of each, 0.2 mmol/l of each dNTPs, 0.01% v/v twine 20,
1.5 U Taq polymerase fluorescent probe. PCR cycling included the
initial denaturation step at 95 °C for 2 min followed by 30 cycles
(94°C/10 s, 62°C/60 s).

For rs35744605, the PCR primers were used as follows: 5'-
caatgaggccctacaaattaatgac-3' as forward and 5’-catcttctatgactg
caaacttc-3’. The oligonucleotides FAM-5'-gcgtatactcatcttgaaactt
tcta-3’-BHQ1 and VIC-5’-gcgtatactcatctttaaactttcta-3’-BHQ1 were
used as fluorescent probes. In the Tagman assay, a calling rate was
98%. For 1s35667974, the PCR primers were used as follows: 5’-
ctgcagtgtgctagectgtt-3' as forward and 5’-gggtctttctggactcact-3'.
The oligonucleotides FAM-5’-gatatccatgtagttgagaaaatgc-3'-BHQ1
and VIC-5’-gatatccatgtaattgagaaaatgc-3'-BHQ1 were used as fluo-
rescent probes. For rs35667974, a call rate was 98.5%. For both
markers, a calling rate was 97.2%.

2.3. Detection of enteroviral RNA

RNA was extracted from the serum plasma of diabetic patients
using a High PureViral RNA Kit (Roche Diagnostics, Indianapolis, IN)
according to the manufacturer’s protocol. Total RNA from patients’
blood samples were screened for presense of enteroviral RNA by
the real-time RT-PCR on the ABI 7500 Fast Real-Time PCR machine
(Applied Biosystems, Foster City, CA). Total RNA was reverse tran-
scribed using TagMan reverse transcription reagents (Applied Bio-
systems) with 2.5 umol/l random hexamers as described in the
manufacturer’s manual. The real-time PCR was conducted with
primers and probe derived from the highly conserved viral 5'-NTR
as described by Corless et al. [26] and Moya-Suri et al. [27]. Using
serial dilutions of a cloned enterovirus transcript, the sensitivity of
the assay was 100 copies per reaction. All positive samples were
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confirmed to be positive by repeated real-time RT-PCR. Primers and
fluorescent probes were synthesized by Evrogen (Moscow, Russia).

2.4. Stimulation of PMBCs with poly(I:C) acid

PBMCs were isolated from the blood samples by centrifugation
at 1300 g for 20 minutes followed by washing three times with
RPMI 1640 (Gibco BRL Life Technologies, Paisley, UK) supple-
mented with inactivated, 10% fetal bovine serum (Equitech-Bio,
Kerrville, TX). The cells were cultivated in six-well plates at density
1 x 10 cells/well in RPMI 1640 supplemented with inactivated,
10% fetal bovine serum, 2 mmol/l L-glutamine, 1 mmol/l HEPES,
0.05 mmol/l B-merpcatoethanol, penicillin, and streptomycin.

To eliminate or at least reduce a contaminant activation of I[FN-3
production through the Toll-like receptor 3-mediated signaling, we
used a transfection protocol to deliver poly(I:C) into the cytoplasm
of PMBCs, where it can be recognized by MDA5. PMBCs were trans-
fected with 5 pg of poly(1:C) acid and 2.5 ul of Lipofectamine 2000
(Invitrogen, Carlsbad, CA). After 1 hours, 5 hours, 15 hours, and 36
hours post-transfection, 500 ul of cell suspension was taken for
analysis of the poly(I:C)-stimulated secretion of IFN-gB into the
cultural medium.

2.5. Detection of IFN- in the cultural medium

After removing the cell pellets, IFN-g was quantified in the
cultural medium using the human ELISA kit for IFN-g (Invitrogen)
according to the manufacturer’s guidelines. Detection limit of this
ELISA was 10 pg/ml. Absorbance in samples was measured in a
microplate ELISA reader (ZEAL Group, London, UK) at a 450-nm
wavelength. Cell-free samples were used as blank. Each sample was
measured in triplicate.

2.6. Statistical analysis

Data were analyzed with the SPSS for Windows program (ver-
sion 13.0; SPSS, Inc., Chicago, IL). Results are given as mean = SD or
percentages. Skewed variables for the continuous traits were log-
transformed before statistical comparisons were made. To compare
quantitative data in groups of carriers of different genotypes, the
unpaired Student’s t test was used. The test for Hardy-Weinberg
equilibrium and comparison of genotype and allele frequencies in
the T1D subjects and controls were performed using the x? test.
The degree (D’) of pairwise linkage disequilibrium between
markers rs35744605 and rs35667974 was calculated using the
LDA software [28].

0Odds ratios (ORs) and their 95% confidence intervals (95% Cls)
were calculated using the Calculator for Confidence Intervals of
0Odds Ratio [29]. The high-risk genotypes were used as reference.
Values of p < 0.05 were considered significant. In the quantitative
analysis of the poly(I:C)-stimulated secretion of IFN-g, statistical
significance of differences between the groups was tested using
nonparametric tests: Kruskal-Wallis rank sum test for compar-
ison of three genotypes and Mann-Whitney U test for compari-
sons between two groups.

3. Results

3.1. Frequency of enteroviral RNA in blood samples of diabetic and
nondiabetic subjects

Diabetic and nondiabetic patients were screened for presense of
the enteroviral RNA. Blood samples of 56 control subjects (4.2% of
1330) were positive for virus RNA (Table 2). In diabetic patients,
234 0f 1615 (14.5%) were found to have the enteroviral RNA. There-
fore, the frequency of enteroviral infection was 3.5-fold greater in
diabetic patients compared with the controls, and this difference
was highly significant (p < 1 x 1078). In diabetic patients, there
were 288 subjects who had a recent onset of disease diagnosed
within a 1-year period. Viral RNA was detected in 74 (25.7%) of

Table 2
Detection of enteroviral RNA in blood samples of T1D patients and nondiabetic
subjects

Patients n (%) Positive of
enteroviral RNA n (%)
T1D (total) 1615 234 (14.5% of 1615)
T1D with disease duration >1 year 1327 (82.2% of 1615) 160 (12.1% of 1327)
T1D with disease duration =1 year 288 (17.8% of 1615) 74 (25.7% of 288)?
Controls 1330 56 (4.2% of 1330)P

T1D, type 1 diabetes.

aT1D duration =1 year vs. T1D duration: >1 year Yates’ x*> = 34.4 (df = (1)p <1 X
1078).

bControls vs. T1D (total): Yates’ x2 = 85.6 (df = (1)p <1 x 1078).

those. The incidence of infection in subjects with short-term diabe-
tes (=1 year) was significantly more frequent (2.1-fold) than in
subjects with longer disease (p <1 x 1078).

3.2. Association of rs35744605 and rs35667974 of IFHI1 with T1D

As found in a Russian population, both polymorphic markers of
IFHI1 belong to rare variants since the frequency of a minor allele
does not exceed 3% (Table 3). A significant decrease in frequency of
the allele X627 of rs35744605 was observed in diabetic patients
compared with nonaffected subjects (0.5% vs 1.4%, p = 0.015). Simi-
larly, frequency of the allele V923 of rs35667974 was significantly
reduced in the patients with T1D compared with controls (1.3% vs
2.8%, p = 5.4 x 10~°). Indeed, the minor alleles of both polymorphic
variants of [FHI1are associated with the reduced risk of T1D (OR = 0.45
and 0.39 for the allele V923 and X627, respectively).

The E627X and 1923V polymorphisms of IFHITwere found to be
in significant pair-wise linkage disequilibrium (D’ = 0.67, p =
0.013). We compared frequencies of IFHI1 haplotypes comprised by
allele combinations of these markers in diabetic and nondiabetic
individuals. Two rare haplotypes (EV and IX) were observed with a
significantly lower frequency in T1D patients than in controls,
thereby suggesting for association of these haplotypes with the
reduced diabetes risk (Table 4).

3.3. Association of rs35744605 and rs35667974 of IFHI1 with the
incidence of enterovirus infection in T1D

To evaluate whether the carriage of the IFHIT E6 27X and 1923V
variants is correlated with the incidence of enterovirus infection in
diabetic patients, we compared the frequency of both IFHI1 variants
in infected and noninfected T1D subjects. The allele V923 was
observed to be more frequent in the individuals who was negative
for viral RNA (1.5% vs 0.2%, p = 0.041) compared with the positive
carriers of enterovirus (Table 5).

3.4. Association of rs35744605 and rs35667974 of IFHI1 with the
poly(I:C)-induced activation of PMBCs

To test whether the amplitude of activation of PMBCs in diabetic
patients (both positive and negative for enteroviral RNA) and non-
affected control subjects is influenced by the carriage of different
IFHI1 haplogenotypes, we measured IFN-g production by PMBCs
transiently transfected with poly(I:C) acid, a mimic of viral dsRNA.
Because the homozygous EV/EV haplogenotype of IFHI1 was ob-
served with an extremely low frequency (only in one case patient
and two control individuals), we considered this variant in combi-
nation with the heterozygous EI/EV haplogenotype. Thus, to per-
form transfection experiments, PMBCs were taken from 50, 71, and
35 control subjects carrying the EI/El, EI/fEV+EV/EV, and EI/IX hap-
logenotypes, respectively. In noninfected diabetic patients, we an-
alyzed PMBCs from 50, 40, and 17 carriers of the EI/EI, EI/EV+EV/
EV, and EI/IX haplogenotypes, respectively. Finally, we also tested
PMBCs isolated from 50 diabetic EI/EI carriers positive for entero-
virus RNA.
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Table 3
Association of rs35744605 and rs35667974 of IFHI1 with T1D
Allele/genotype Frequency, n (%) OR 95% CI Yates’ 2 (df = 1) D
Diabetic patients Controls
Rs35744605 1577 (100) 1309 (100)
E/E 1560 (98.9) 1273 (97.3) 1.00 (Reference)
E/X 17 (1.1) 36(2.7) 0.38 0.21-0.69 10.2 0.0014
X/X 0 0
Allele E627 3137(99.5) 2582 (98.6) 1.00 (Reference)
Allele X627 17 (0.5) 36(1.4) 0.39 0.22-0.69 10.1 0.0015
Rs35667974 1585 (100) 1316 (100)
11 1545 (96.8) 1244 (93.2) 1.00 (Reference)
/v 39(2.6) 70(5.3) 0.45 0.30-0.67 22.7 1.8x 107
VIV 1(0.6) 2(1.5) 0.40 0.04-4.44 0.035 0.85
Allele 1923 3129 (98.7) 2558 (97.2) 1.00 (Reference)
Allele V923 41(1.3) 74 (2.8) 0.45 0.30-0.66 16.3 5.4 %1075

OR, odds ratio; CI, confidence interval; T1D, type 1 diabetes; IFHI1, interferon induced with helicase C domain 1.

We found detectable levels of IFN-g in the cultural medium at 1
hour post-transfection, indicating the induction of the poly(I:C)-
stimulated innate immune response by PMBCs. The secretion of
IFN-B by PMBCs raised in a timely manner reaching a maximum of
8- to 14-fold induction at 15 hours post-transfection, with a subse-
quent decline at 36 hours post-transfection (Table 6).

In both diabetic and nondiabetic subjects, peak levels of [FN-8
secreted by PMBCs from the carriers of the predisposing IFHI EI/EI
haplogenotype were 1.6- to 1.8-fold and 2.4- to 3.0-fold greater
than those from the carriers of the protective EV/IX and EI/
EV+EV/EV variants, respectively (p < 0.0001). In fact, the higher-
risk EI/EI haplogenotype is the most common variant consisted of
“wild-type” alleles of IFHI, and therefore PMBCs from EI/EI carriers
are likely to produce physiologic levels of IFN-g in response to
stimulation with poly(I:C). Thus PMBCs derived from the subjects
with rare alleles secrete sub-physiological IFN-g.

We did not found any significant difference in raising IFN-8
secretion between the controls and T1D patients who were nega-
tive for enteroviral RNA. However, after reaching a maximum
value, IFN-3 secretion declined significantly slower in noninfected
diabetic patients compared with the noninfected controls (Table 6).
This may reflect a prolonged poly(I:C)-induced activation of PMBCs
from T1D subjects in comparison with that of nondiabetic individuals.

For the IFHI1 EI/EI variant, PMBCs from diabetic patients with
enteroviral infection were shown to secrete significantly less
(620 =336vs 1360 + 422 pg/ml, p < 0.0001) amounts of IFN-B than
PMBCs from noninfected T1D subjects. In addition, at 36 hours
post-transfection, secretion of this cytokine by infected PMBCs
dropped more rapidly (5.68-fold) than by noninfected PMBCs
(3.23-fold), and this difference was highly significant (p < 0.0001)
(Table 6). These findings provide an evidence for the enteroviral-
induced inhibition of IFN-g synthesis in PMBCs of diabetic patients.

4. Discussion

In this study, we confirmed a role of rare IFHI1variants
(rs35744605 E627X and rs35667974 1923V) found by Nejentsev et
al. [9] in susceptibility to type 1 diabetes. We observed a signifi-

cantly increased secretion of IFN-g by poly(I:C)-treated PMBCs in
carriers of the wild-type IFHI1 (EI/EI), which confers susceptibility
to T1D, compared with those who have a protective IFHI1 EV or
IFHI1 1X haplotype. This observation is in line with an evidence of
Liu et al. [14] who reported a significant increase in levels of MDA5
expression in carriers of T1D-predisposing IFIH1 haplotypes. How-
ever, in our experiments, elevated production of IFN-g may arise
from the increased activity of the wild-type MDA5 compared with
the mutant RNA helicase. Similarly, Shigemoto et al. [12] showed a
1.7-fold reduced yield of IFN-g mRNA in mouse embryonic fibro-
blasts transfected with plasmid constructs encoding the IFHI1
E627X and 1923V mutants compared with the cells expressing the
wild-type transgene. Finally, Ifih1-deficient mice treated with
poly(I:C) have abrogated production of type I IFNs [16,30].

The E627X and 1923V polymorphisms are loss-of-function mu-
tations. The E627X mutation, which results in the truncated mutant
protein partially lacking C-terminal RNA-helicase domain, is likely
to completely abolish the biologic function of MDA5 [12,31]. In the
MDAS5 molecule, the 1923V amino acid substitution resides in the
vicinity to an H927 residue, which contributes to the binding of
dsRNA [32]. However, the 1923V variant of MDA5 was shown to
have a normal ability for binding dsRNA but a 2.5-fold reduced
catalytic activity [ 12]. Therefore, this polymorphism does not affect
the nucleotide acid-binding properties of this cytoplasmic RNA-
sensing helicase but alters its function by a mechanism that is still
unknown.

A recent report suggested that the upregulated signaling
through cytoplasmic helicases/MDAS5 lead to the markedly higher
capacity of human monocyte- derived dendritic cells in stimulating
CD4* T-cell proliferation [33]. Therefore, the upregulation of ex-
pression or activity of MDA5 observed in the carriers of the predis-
posing [FHI1 variants [ 14] may result inimmunogenic DCs that may
promote the development of diabetes. In vitro experiments with
human and porcine primary islet cells infected with coxsackievirus
B3 showed the efficient capacity to human monocyte-derived DCs
to phagocytize infected cells, with subsequent induction of MDA5
and other RNA-sensing helicases [34]. These responses may have

Table 4
Association of IFHIT haplotypes with T1D
Haplotype Frequency, n (%) 95% ClI Yates’ x? p
Diabetic patients Controls (df=1)
(2n = 3120) (2n = 2604)
EI? 3062 (98.2) 2496 (95.9) 1.00 (Ref.)
EV 41(1.3) 73(2.8) 0.46 0.31-0.67 15.7 7.3 x 107>
IX 17 (0.5) 35(1.3) 0.40 0.22-0.71 9.6 0.0019

OR, odds ratio; CI, confidence interval; T1D, type 1 diabetes interferon induced with helicase C domain 1.
3Haplotype EI comprises the allele E627 of rs35744605 and allele 1923 of rs35667974.
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Table 5

Association of rs35744605 and rs35667974 of IFIH1 with the incidence of enterovirus infection in T1D

Allele/genotype Frequency, n (%) OR [95% CI] Yates’ * p
Diabetic patients positive for Diabetic patients (df=1)
viral double-stranded RNA (RNA) negative for viral RNA

1s35744605 230(100) 1347 (100)

E/E 229(99.6) 1331(98.8) 1.00 (Ref.)

E/X 1(0.4) 16(1.2) 0.36 [0.05-2.75] 0.46 0.50

X/X 0 0

Allele E627 559 (99.8) 2678 (99.4) 1.00 (Ref.)

Allele X627 1(0.2) 16 (0.6) 0.30[0.04-2.26] 0.84 0.36

1s35667974 232(100) 1353 (100)

I/1 231(99.6) 1313 (97.6) 1.00 (Ref.)

1A% 1(0.4) 38(2.8) 0.15[0.02-1.09] 3.7 0.054

VIV 0 1(0.1)

Allele 1923 463 (99.8) 2665 (98.5) 1.00 (Ref.)

Allele V923 1(0.2) 41(1.5) 0.14[0.02-1.02] 417 0.041

OR, odds ratio; T1D, type 1 diabetes; IFIH1, interferon induced with helicase C domain 1.

important consequences in the etiology of type 1 diabetes, as the
DCs could present with the previously sequestered g-cell antigens
of the phagocytized cells on their surface and then induce g-cell-
induced autoimmunity [35]. The upregulated MDA5-dependent
production of inflammatory cytokines should therefore promote
further propagation of the autoimmune-mediated destruction of
B-cells mediated by self-reactive T-cells.

We showed that enteroviral RNA is significantly more frequent
in blood samples of diabetic patients compared with the nondia-
betic subjects, and in subjects with a recent-onset diabetes (dura-
tion =1 year) compared with those with a longer duration of dis-
ease. These results are consistent with a growing body of
experimental evidence showing the presence of enteroviral RNA in
blood of 20%-40% children with prediabetes and a recent onset of
disease [27,36-38]. The presence of enterovirus RNA is serum is
considered as an important risk factor for the development of g-cell
autoimmunity and clinically manifest type 1 diabetes in genetically
predisposed individuals [39].

We found a trend for association between the IFIH1 1923V vari-
ant and frequency of enteroviral RNA in type 1 diabetic patients.
There is a first report showing the relation between the IFHI1
polymorphism and incidence of enterovirus infection in T1D. Using
the Genetic Power Calculator software [40], power estimates
showed that the population sample studied (232 infected and 1353
noninfected diabetic patients) had 70% power (« = 0.05) to detect
the effects of the IFIH1 1923V variant in the general genotype (df =
2) test (I/1 vs I/V vs V[V) and 79.6% power (« = 0.05) in the allele
(df = 1) test (1923 vs V923). To reach at least 80% power (« = 0.05),
it is necessary to analyze 285 and 234 infected diabetic individuals
in the general genotype (df = 2) test and general allele (df = 1) test,

Table 6

respectively. Therefore, a larger population size should be analyzed
to confirm or reject these results.

In our study, a marked suppression of the poly(l:C)-induced
production of IFN-B was observed in PMBCs from the infected
diabetic individuals thereby suggesting for the enterovirally medi-
ated inhibition of the innate immune response in T1D. This is in
accordance with the results of several studies reporting numerous
alterations in cellular and humoral immune responses in diabetic
children with enteroviral infections [41-44]. The decreased and
impaired antiviral response in T1D patients delays clearance of
virus and facilitates systemic spread of the infection, which is
associated with increased g-cell damage and further exacerbation
of the islet autoimmunity.

The precise mechanisms by which enterovures inhibit the
MDA5-dependent induction of type I interferons in T1D are needed
to be investigated. However, there are several strategies developed
by picornaviruses, a family to which enteroviruses belong, to dis-
rupt the MDA5-dependent signaling. This involves the downregu-
lation of the adapter protein MAVS by a specific picornaviral pro-
tease 3ABC that subsequently disrupts the IRF3-mediated induction of
the IFN-B expression through the MDA5 pathway [45]. Recent
studies on MDA5- and MAVS-knockout mice showed a critical role
of these proteins in mediating type 1 interferon responses against
coxsackie B virus [46]. A mengovirus leader protein is shown to
prevent the expression IFN-g by blocking the dimerization of IRF3
needed for the activation of this factor [47]. Finally, the cleavage
of MDAS itself in a proteasome- and caspase 3-dependent man-
ner mediated by viral proteases 2AP™ and 3CP™ was observed in
cells infected by rhinovirus type 1(a) or encephalomyocarditis
virus [15,48].

Levels of the poly(I:C)-stimulated IFN-g secretion by PMBCs isolated from the nondiabetic and diabetic (infected and noninfected by entorovirus) carriers of different

MDADS5 haplogenotypes

Posttransfection ~ MDAS haplogenotypes in p (Kruskal- ~ MDAS5 haplogenotypes in noninfected TID  p (Kruskal- Infected p value
time controls (n) Wallis test)  patients (n) Wallis test) T1D patients  (infected vs
EIJEI[50]  EI/EV(69) + EIJIX[35] EIJEI [50] EEV(39) + EIfIX[17] Ei/Ei [50] non-infected)*
EV/EV [2] EV/EV [1]
1h 166 = 72 88 =59 56 =39 0.0009 149 = 57 96 + 42 61 = 45 0.0017 53 =21 0.0029
5h 519 +188 217 =105 155 = 96 <0.0001 535 + 210 180 = 116 144 + 81 <0.0001 180 = 85 <0.0001
15h 1360 =422 910 + 420 797 £ 318  <0.0001 1328 = 577 933 £ 375 760 * 354 <0.0001 620 + 336 <0.0001
36h 421 +295 192 =122 177 =139  <0.0001 823 370> 310 + 175° 257 + 1284 <0.0001 109 = 67 <0.0001

T1D, type 1 diabetes; PMBCs, peripheral mononuclear blood cells; IFNg, interferon-g; poly(I:C), polyinosinic:polycytidylic acid.

Values are mean = SD. IFN-B levels are presented in pg/ml.
Mann-Whitney U test.

PNoninfected T1D EI/EI carriers vs. control EI/EI carriers p < 0.0001 (Mann-Whitney U test).
“Noninfected T1D EI/EV+EV/EV carriers vs. control EI/EV+EV/EV carriers p = 0.0007 (Mann-Whitney U test).

dNoninfected T1D IX carriers vs. control IX carriers p = 0.0083 (Mann-Whitney U test).
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Analysis of Mda5~/~ mice infected with coxsakievirus B3
showed that this RNA sensor is not strictly required for the
induction of Type 1 IFNs but is essential for preventing early
virus replication and limiting systemic tissue invasion through
the production of maximal levels of systemic type 1 IFNs early
after infection [49]. Therefore, inhibited MDA-5-dependent pro-
duction of IFN-g in PMBCs of infected T1D carriers of the predis-
posing IFHI1 EI/EI variant may be associated with elevated virus
persistence and increased virus-mediated damage of pancreatic
B-cells. Recently, MDA5 was shown to be involved in the modu-
lation of crosstalk between B-cells and the innate/adaptive im-
mune system through the local production of cytokines and
chemokines, and changes in MDA5 expression and/or activity
may tRIGger B-cell responses to dsRNA, a by-product of virus
replication [50].
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