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The innate immune receptor MDAS limits rotavirus
infection but promotes cell death and

pancreatic inflammation

Yu Dou?

Abstract

Melanoma differentiation-associated protein 5 (MDAS5) mediates
the innate immune response to viral infection. Polymorphisms in
IFIH1, the gene coding for MDAS5, correlate with the risk of develop-
ing type 1 diabetes (T1D). Here, we demonstrate that MDAS is
crucial for the immune response to enteric rotavirus infection, a
proposed etiological agent for T1D. MDAS variants encoded by
minor IFIH1 alleles associated with lower T1D risk exhibit reduced
activity against rotavirus infection. We find that MDA5 activity
limits rotavirus infection not only through the induction of antivi-
ral interferons and pro-inflammatory cytokines, but also by
promoting cell death. Importantly, this MDAS-dependent antiviral
response is specific to the pancreas of rotavirus-infected mice,
similar to the autoimmunity associated with T1D. These findings
imply that MDA5-induced cell death and inflammation in the
pancreas facilitate progression to autoimmune destruction of
pancreatic p-cells.
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Introduction

The innate immune system is the first line of defense against micro-
bial pathogens and initiates and modulates lymphocyte activation in
pathogen-specific adaptive immunity. The retinoic acid-inducible
gene I (RIG-I)-like receptors (RLRs), including RIG-I (encoded by the
DDXS58 gene), melanoma differentiation-associated factor 5 (MDAS,
encoded by the IFIHI gene), and the laboratory of genetics and
physiology 2 (LGP2, encoded by the DHX58 gene), detect cytosolic
viral RNA. All three proteins share DECH-box helicase domains,
which are essential for RNA binding and ATP hydrolysis, and a
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C-terminal domain (CTD) that participates in RNA recognition and,
at least for RIG-I, auto-regulation. These separate RLRs have dif-
ferent affinities for RNA, and so respond distinctly to separate viral
pathogens. Binding of RNA induces MDAS or RIG-I to oligomerize
and subsequently induce polymerization of the adaptor mitochon-
drial antiviral signaling protein (MAVS). This association is medi-
ated via the protein’s mutual caspase activation and recruitment
domains (CARD). Unlike RIG-I and MDAS, LGP2 lacks the CARD
and so is believed to act co-operatively with MDAS (Bruns et al,
2014). Polymerization of MAVS triggers a signaling cascade that
culminates in the activation of the interferon-regulating factor (IRF)
3 and IRF7 and the nuclear factor-kappa B (NFkB). These transcrip-
tion factors induce the antiviral type I and III interferons (IFNs), as
well as other cytokines and chemokines, and regulate cell survival
(Besch et al, 2009).

In keeping with the role of the innate immune response to modu-
late lymphocyte activation, population studies have identified
genetic polymorphisms in components of the RLR pathway that
correlate with autoimmune diseases. To date, the link between RLR
signaling and autoimmunity is strongest for IFIH1. Non-synonymous
(ns) single-nucleotide polymorphisms (SNPs) in IFIHI were corre-
lated with the risk of developing type 1 diabetes (T1D) by genome-
wide association (GWA) scanning (Smyth et al, 2006; Todd et al,
2007; Wellcome Trust Case Control, 2007).

T1D results from progressive destruction of insulin-producing
pancreatic B-cells. Although principally considered a genetic
disease, the progression of T1D is modulated by environmental
factors. Virus infections have been proposed as potential primary
agents in the initiation of T1D (Hober & Sauter, 2010). The occur-
rence of the nsSNPs within the coding region of the IFIHI locus,
with potential to alter the protein’s activity, combined with the role
of MDAS in the antiviral response, has led to speculation that virus
infection is causal in disease pathology. Rotavirus (RV) is one of the
leading candidate viruses linked to T1D (Honeyman et al, 2000; van
der Werf et al, 2007). Several studies have explored the immune
response to RV isolated from a variety of species in human and
murine cells. These studies have shown in mouse embryonic
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fibroblasts (MEFs) and macrophages that either RLR is sufficient
and is able to compensate for loss of the other against bovine and
simian RV (Broquet et al, 2011; Sen et al, 2011; Di Fiore et al,
2015). However, it has also been shown that RV isolated from dif-
ferent species show varying abilities to replicate in heterologous and
homologous hosts, and, related to this, the effectiveness of the
antiviral response varies against heterologous and homologous RV
strains. This variation may be critical for resultant disease, such as
TI1D (Feng et al, 2008). Also, while studies have investigated the
function of MDAS encoded by different alleles to ligands such as the
RNA mimetic polyriboinosinic—polyribocytidylic acid (pIC), none
have explained how these influence the risk of T1D. Here, we tested
the role of MDAS in the antiviral response to a human RV isolate in
human and mouse cells. We also tested the capacity of the separate
alleles of IFIHI associated with different risk of T1D to respond to
RV infection. Additionally, we model the Mda5-dependent response
to RV infection in vivo using the Ifih1~/~ mice.

Results
Mdab5 is critical to limit RV infection in the pancreas

RV was isolated from an infant patient at The Royal Children’s
Hospital (Melbourne, Australia) and passaged through a human
epithelial colorectal adenocarcinoma cell line (Caco-2) and identi-
fied as strain SA11. To assess the dependence of Mda5 and the type
[ IFNs to the antiviral response to RV, we infected immortalized
MEFs isolated from wild-type (WT) mice or mice ablated for Mda5
(Ifihlf/ ~) or the primary binding chain of the type I IFN receptor
(Ifnarl’/ 7) that is pivotal in the antiviral response (Hwang et al,
1995; Gitlin et al, 2006). Cells were infected with RV for 24 hours
(h) before quantitation of intracellular virus replication by
immunofluorescence detection of viral capsid proteins (Fig 1A-C).
Quantitation of the viral capsid per cell shows both Ifnarl™/~ and
Ifih1™/~ MEFs are significantly more permissible to RV infection
than the WT cells. By this measure, the Ifnarl ~/~ and Ifih1 /=~ MEFs
are not significantly different in their susceptibility to RV (Fig 1B).
However, MEFs ablated for Mda5 showed higher virus replication,
as measured by the total levels of capsid proteins produced
(Fig 1C). This disparity in these measures was supposed to be due
to the altered survival of the different MEFs (Fig 1D). The conse-
quence to viral replication was confirmed by quantifying the levels
of infectious RV produced from the MEFs by titration in monkey

Figure 1. Mda5 is crucial to limit RV infection in the pancreas.
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kidney cells (MA104). The Ifih1 /~ MEFs produced more infectious
RV than either WT or Ifnarl~/~ MEFs (Fig 1E).

Luciferase promoter reporter assays were used to compare the
relative response to rotavirus infection of the different RLR. The
human kidney cell line HEK293 were co-transfected with constructs
expressing MDAS, RIG-I or LGP2, and an IFNBI-promoter firefly-
luciferase reporter that respond to IRF3/7 and/or NFkB, as well as a
constitutive B-actin—Renilla luciferase reporter. After 24 h, the cells
were infected with RV, and then 24 h later, the cells were lysed and
the luciferase activity was assayed. These data show that the related
MDAS and RIG-I induce a similar transcription response to RV infec-
tion (Fig 1F).

The role of Mda5 in RV replication was explored in vivo by
infecting WT and Ifih1~/~ mice. Five-week-old mice were inoculated
with RV by oral gavage, and then 5 days later, the levels of infec-
tious RV in the pancreas, colon, spleen, liver, and small intestines
from the mice were quantitated by titration on MA104 cells. RV was
detected in all tissues sampled, although Ifihl~/~ mice produced
significantly higher virus than the WT mice, specifically in their
pancreas and colon (Fig 1G). These data demonstrate that despite
the observed equivalence to RIG-I in cell lines, MDAS activity is crit-
ical to counter RV infection in vivo and this antiviral effect is impor-
tant in the pancreas.

Mdab induces IFN-dependent and IFN-independent
anti-RV responses

The preceding data showed divergent responses in the Ifihl ™/~
compared to the Ifnarl /= MEFs. This indicates there is a primary
role of Mda5 in the antiviral response to RV infection that is inde-
pendent of type I IFN signaling. To further examine this, WT and
Ifih1~/~ MEFs were infected with RV for 6 or 24 h, and then, cellu-
lar transcripts or cell supernatants were probed for the levels of Ifnf3
and Ifnbl by ELISA and quantitative real-time PCR (qRT-PCR),
respectively. Ifnf was induced in response to RV infection in both
cells, although this was significantly attenuated in the absence of
Mda5 (Fig 2A). Accordingly, robust induction of the IFN response is
strongly dependent on Mda5 activity.

To examine the impact of Mda5-induced IFN signaling on the
antiviral response, we examined RV infection in cells treated with
recombinant Ifnla alone or, alternatively, pre-treated with an IFN-
neutralizing antibody (MAR1) (Sheehan et al, 2006). Measures of
the levels of Mda5 show that its expression is induced during RV
infection by IFN signaling (Figs 2B and C, and EV1). Measures of

A Micrographs of WT, Ifnar1 /=, and Ifih1~/~ MEFs infected with RV for 24 h, then assessed by immunofluorescence. The viral capsid protein is detected with an anti-
SA11 antibody (red), actin filaments are visualized with CF647 phalloidin (green), and nuclei are visualized with Hoechst stains (blue).

RV replication in the indicated MEFs was quantitated by calculating the number and intensities of viral particles per cell (B), or per micrograph field (C).

The relative survival of WT, Ifnar1~/~, and Ifih1~/~ MEFs after RV infection for 24 h was assessed by direct counting of the cells.

E A titration of virus produced in WT, Ifnarl =, and Ifih1~/~ MEFs by immunofluorescence.

F The relative induction of an IFNB1-promoter firefly-luciferase reporter 24 h after RV infection in HEK293 cells co-transfected with control empty vector (C), MDAS-,
RIG-1-, or LGP2-expressing constructs. The levels of firefly luciferase were normalized to a constitutively active Renilla luciferase and expressed relative to control

cells.

G Quantitation of RV from the indicated tissues of WT and /fih1~/~ mice orally infected with RV for 5 days. Viral infection was quantified by titration against MA104

cells and immunofluorescence.

Data information: All graphs show data as mean + SEM from repeated experiments. The Student’s t-test or Mann—Whitney test was used to calculate the P-values from
the data produced in vitro (n = 3) or in vivo (n = 6), respectively (NS = P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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Figure 2. Mda5 induces IFN-dependent and IFN-independent anti-RV responses.

A Graphs showing the levels of Ifnp protein (on left) and the Ifnb1 transcript (on right) induced in WT and lﬁhl”’ MEFs infected with RV assessed after 24 h by
ELISA or after 6 h by qRT-PCR.

B Immunoblots assessing the levels of Mda5 and P56 relative to B-actin in lysates from control (C) or infected (RV) WT and /ﬁhl"‘ MEFs pre-treated with Ifnlo for
16 h or, alternatively, an Ifnarl-neutralizing (MAR1) or control (IgG) antibody for 1 h prior to infection with RV for 24 h.

C, D Graphs showing the quantitation of the levels of Mda5 and P56 under the identified conditions as detected by immunoblot (see also Fig EV1).

E A quantitation of progeny RV from WT and Ifih1~/~ MEFs treated with Ifnlo or MARL.

Data information: The data are shown as mean + SEM. Student’s t-test was used to calculate the P-values (n = 3). NS = P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.

the levels of the product of the IFN-induced protein with tetratri- predominantly induced by secondary IFN signaling (Fig 2D). Repli-
copeptide repeats-1 gene (Ifit1), P56, which can also be induced cation of this experiment in Ifihl/~ MEFs demonstrates that Mda5
directly by RLR-dependent induction of IRF’s activity, show P56 is activity was dispensable for the induction of P56 (Figs 2B and D,

© 2017 The Authors The EMBO Journal Vol 36 | No 182017 2745
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and EV1). Quantitation of the RV produced from these experiments
supports the earlier observation that Mda5 is critical to limit RV
infection (Fig 2E). An intriguing aspect of this experiment was the
impairment of the antiviral response with the Ifnarl-neutralizing
antibody that was not evident by genetically ablating the Ifnarl
receptor (Figs 1E and 2E). Together, these data show that Mda5 is
required for a full response to RV and, also, that a proportion of this
antiviral activity is independent of IFN signaling.

Mda5 induces cell death during RV infection

In addition to inducing IFN signaling, MDAS regulates cell survival
(Fig 1D) (Jiang & Fisher, 1993; Kang et al, 2002). To further investi-
gate this function of Mda5, WT and Ifihl /~ MEFs were mock-
infected or infected with RV for 2 and 8 h, and then, cell death was
assessed by staining with annexin V and 7-aminoactinomycin-D (7-
AAD). These measures show that RV infection induces cell death in
an MdaS-dependent manner (Fig 3A). Measures of the relative
intensity of the annexin V and 7-AAD stains, to distinguish live,
early apoptotic, or dead cells, show that Mda5 induced an early cell
death (Fig 3B-D). Comparison of the survival of WT, Ifill —/~, and
Ifnar1™/~ MEFs 24 h after RV infection by staining with crystal
violet shows IFN signaling promotes survival (Fig 3E). These data
are consistent with earlier analysis (Fig 1D) and suggest that IFN
induced in response to RV infection in the absence of Mda5 (Fig 2A)
is sufficient for this outcome. Transient transfection assays were
conducted in HEK293 cells to predict the activity of MDAS that
induced cell death. These data show that suppressing NF«kB but not
IRF3 activity by expressing the IxBa inhibitor or a dominant-nega-
tive IRF3 construct (IRF3AN), respectively, reduced MDAS-depen-
dent cell death (Figs 3F and EV2). Accordingly, MDAS appears to
induce apoptosis in HEK293 cells by activating NF«kB via MAVS.

RV infection induces Mda5-dependent inflammation in
the pancreas

To confirm Mda5-dependent cell signaling during RV infection, we
monitored the activity of Mda5-regulated transcription factors. NFxB
activity was assessed by monitoring the degradation of IxkBa, which
is coordinated with translocation of NFxB to the nucleus. Western
blots show reduced expression of IkBo in the Ifihl1™/~ MEFs
compared to the WT cells prior to addition of a stimulus (Fig 4A).
Because IkBa is auto-regulated (Sun et al, 1993), this is evidence of
the influence of MdaS on NFkB activity. Upon infection with RV,
this impairment in NFxB activation was further evident as a tempo-
ral defect in IxBo degradation in the Ifihl~/~ compared to the WT

Figure 3. Mda5-dependent activation of NFkB induces cell death.

MDAGS activity induces pancreatic inflammation  Yu Dou et al

MEFs (Fig 4A). RV infection also induced a modest Mda5-dependent
activation of IRF3 as detecting the translocation of the transcription
factor from the cytoplasm to the nucleus in WT but not in the
Ifih1~/~ MEFs by immune fluorescence (Fig EV3).

The consequence of Mda5-dependent activity was assessed by
measuring the induction of pro-inflammatory cytokines in primary
peritoneal macrophages infected with RV. The levels of the pro-
inflammatory I1-6 and Tnfo cytokines in WT and Ifihl~/~ macro-
phages infected with RV for 6 or 24 h were assessed by measures of
the gene transcripts and the protein by qRT-PCR and ELISA, respec-
tively. These data show production of these cytokines in response to
RV infection is Mda5 dependent (Fig 4B and C). As RIG-I has been
reported to activate the inflammasome, which has been linked to
auto-inflammatory disease (Poeck et al, 2010), we examined the
role of Mda5 in this response. Figure 4D shows that pro-1I-1 was
induced in response to RV in both WT and Ifihl ™/~ peritoneal
macrophages, although in keeping with the preceding findings this
response is impaired in its extent and duration in the Ifih1 /" cells.
However, RV infection did not induce processing of pro-Il-1f as
assessed by Western blot and ELISA (Fig 4D and E). Treatment of
WT and Ifihl~/~ with the inflammasome activators
lipopolysaccharide (LPS) and nigericin verifies that this pathway is
functional in the Ifihl1~/~ cells (Fig 4D and E). Accordingly,
secondary signals that are required to form the inflammasome are
either repressed or are absent in this context.

These responses were tested in vivo by assessing the levels of
Mda5, P56, 1I-6, and II-1B by immunoblot or ELISA, and the
expression of the Ifihl, Ifnbl, Tnf, and Il1b transcripts by qRT-
PCR in tissues from RV-infected WT and Ifih1~/~ mice. The levels
of Mda5 and P56 with the Ifihl and IfnbI transcripts show that RV
infection induces IFN signaling in an Mda5-dependent manner in
the pancreas and colon (Fig 5A-D). This antiviral response is in
keeping with the RV titers recorded in the tissues from WT and
Ifih1~/~ mice (Fig 1G). Quantitation of 1I-6 and Il-1p demonstrates
that RV infection induces these inflammatory cytokines in all the
tissues assessed (Fig 6A and B). Notably, the production of these
inflammatory cytokines was Mda5 dependent only in the pancreas.
Interestingly, in contrast to the response in macrophages ex vivo
(Fig 4D and E), RV infection activated the inflammasome in vivo
in the pancreas and this was Mda5 dependent (Fig 6B). This
suggests that the stimulus that induces formation of the inflamma-
some is extrinsic to macrophages or, alternatively, I-1B is
produced by another cell type. RV infection induced the Il1 and
Tnf transcripts in the pancreas and colon, and, again, this was
only Mda5 dependent in the pancreas (Fig 6C and D). These data
demonstrate that RV infection potently induces inflammatory

cells

A FACS plots showing annexin V and 7-AAD staining of WT and Iﬁhl’/’ MEFs mock- or RV-infected for 2 and 8 h.

B-D

A quantitation of the live, dead, and early apoptotic cells by their relative 7-AAD and annexin V staining.

E A quantitation of the relative survival of WT, Ifnar1 ™=, and Ifih1~'~ MEFs RV-infected for 24 h, then assessed by staining with crystal violet and

spectrophotometry.

F A quantitation of apoptosis in HEK293 cells co-transfected with an empty control (C), MDAS-, or MAVS-expressing vectors and either control (C), IkBa, or dominant-
negative IRF3 (IRF3AN) constructs to repress the activity of NFkB or IRF3, respectively. These cells were either left untreated (—) or transfected (+) with FUGENE:pIC
for 10 h, and then, apoptosis was assessed by measuring the nuclear accumulation of YO-PRO by co-localization with the nuclear Hoechst stain (see also Fig EV3).

Data information: The data are a representative result from repeated experiments. In panels (B-D and F), the data are shown as mean + SD of experimental replicates.
In panel (E), the data are shown as mean £ SEM. Student’s t-test was used to calculate the P-values (n = 3). NS = P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.
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Yu Dou et al

A Detection (on left) and quantitation (on right) of NFkB activation by assessing the levels of its cytosolic inhibitor IkBa relative to the p-actin in WT and Iﬁhl’/’

MEFs infected with RV for the indicated times.

B, C Graphs showing the relative induction of the II-6 and Tnfo cytokines and /l6 and Tnf transcripts in WT and Ifih1

RV measured by ELISA after 24 h or gqRT-PCR after 6 h, respectively.

/-

primary peritoneal macrophages infected with

D, E Detection (on left) and quantitation of both immature and processed 1I-1f in lysates from WT and Iﬁhl’/’ primary peritoneal macrophages that were infected
with RV for the indicated times, or treated with lipopolysaccharide (LPS) plus the potassium ionophore nigericin (N) by ELISA (on left) and immunoblot (on right)
after 20 h. The levels of -1 are quantitated relative to B-actin in the immunoblot.

Data information: The data are shown as mean + SEM. Student’s t-test was used to calculate the P-values (n = 3). NS = P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001,

***p < 0.0001.
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Figure 5. RV infection induces Mda5-dependent IFN signaling in the pancreas.

A-D Measures of the induction of the Mda5 and P56 proteins and the /fih1 and Ifnb1 transcripts in the indicated tissues of 5-week-old WT and Iﬁhl’/’ mice infected
with RV for 5 days, detected by ELISA or qRT-PCR, respectively. The levels of the transcripts were quantified and normalized to the levels of the 18S ribosomal RNA
(Rn18s). The data are shown as mean &+ SEM. The Mann-Whitney test was used to calculate the P-values (n = 6). NS = P > 0.05, *P < 0.05, **P < 0.01.

processes in an MdaS-dependent manner specifically in the
pancreas, thereby demonstrating a consonance with the tissue-
specific autoimmunity in T1D.

Allelic variation alters MDAS activity
To investigate the functional consequence of nsSNPs within the
IFIHI gene that correlate with the risk of T1D, we generated the

corresponding amino acid variants as MDAS expression constructs
and tested their activity.

© 2017 The Authors

MDAS initially self-associates via monomers binding to RNA and
then co-operatively associates with the adaptor MAVS to propagate
cell signaling (Wu et al, 2013). We sought to monitor this oligomer-
ization through bimolecular complementation. To do this, a split-
Venus fluorophore (coded V1 and V2) was separately fused to the
amino-terminus of the products of the different IFIHI alleles and,
also, MAVS so that an association between protein partners is
evidenced as Venus fluorescence in the cell. Cells transfected with
MDAS tagged with the separate halves of the split-Venus initially
produced a diffuse cytosolic fluorescence that finally condensed as a
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with RV for 5 days as detected by ELISA or gRT-PCR, respectively. The levels of the transcripts were quantified and normalized to the levels of the 18S
ribosomal RNA (Rn18s). The data are shown as mean £+ SEM. The Mann-Whitney test was used to calculate the P-values (n = 6). NS = P > 0.05, *P < 0.05,

**P < 0.01.

perinuclear signal (Figs 7A and EV4). The fluorescent signal in cells
transfected with tagged MDAS and MAVS or that produced by a
homotypic interaction between MAVS was limited to the perinuclear

The EMBO Journal Vol 36 | No 18 | 2017

region. This suggested that the protein complexes were associating
with the mitochondria. Visualization of the mitochondria by stain-
ing with MitoTracker supports this (Figs 7A and EV4). Quantitation
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of homotypic association by assessing fluorescence produced when
the Venus fluorophore was split between the products of the dif-
ferent IFIHI alleles indicates that the T946 and V923 variants are
equivalent to the product of the major allele, while the X627 variant
has decreased oligomerization (Figs 7B and EV4). Interestingly, this
pattern of fluorescence was not preserved when Venus was split
between the MDAS variants and MAVS. In this situation, the X627
and V923 variants were similar to the product of the major allele,
while the T946 variant produced less fluorescence in combination
with MAVS (Figs 7C and EV4).

Luciferase promoter reporter assays were used to investigate how
these different SNPs affected MDAS-dependent cell signaling.
HEK293 cells were co-transfected with the different MDAS constructs
and IFITI-, IFNB1-, and IL-8-promoter firefly-luciferase reporters that
respond to IRF3/7 and/or NFxB and a constitutive Renilla luciferase
reporter. After 24 h, the cells were infected with RV, and then 24 h
later, the cells were lysed and the luciferase activity was assayed.
These data show that the products of the minor alleles had reduced
activity compared to that of the major IFIHI allele (Figs 7D-F and
EVS). The truncated MDAS protein (X627) was the most impaired in
its capacity to induce transcriptional activity. The MDAS variants
demonstrated varying capacity to activate different transcription
factors, with the residue at position 946 in MDAS5 mediating NFkB
activity, whereas the residue at position 923 mediated the activity of
the IRFs (Fig 7D-F). Consistent with this differential activity and our
preceding data (Fig 3F), the X627 and T946 MDAS variants also
induced less cell death, while the V923 variant, which retained the
ability to activate NFxB (Fig 7F), retained the activity of the domi-
nant MDAS isoform (Figs 7G and EV5).

To assess the consequence of this for antiviral function, MDAS-
expressing lentiviral constructs were prepared with a carboxyl-term-
inal green fluorescent protein (GFP) fusion. These MDAS5-expressing
constructs produced lower titers of lentivirus compared to the
control (GFP alone), indicating that MDAS inhibits lentivirus
production (Figs 7H and EV6). Moreover, the products of the minor
alleles produced higher lentivirus titers than that of the major IFIH1
allele, indicating that the SNPs impaired this antiviral activity of
MDAS (Fig 7H). We had intended to test the consequence of poly-
morphisms of IFIHI by stably expressing the different IFIHI
constructs in the Ifihl/~ MEFs. However, consistent with our
preceding data, infection of cells with the construct of the major
allele of IFIHI induced cell death after prolonged culture. Therefore,

Figure 7. Allelic variation alters MDAS5 activity.
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we resorted to transient transfection assays. HEK293 cells were
transfected with a control GFP-expressing plasmid or constructs of
the separate MDAS variants and then 24 h later were infected with
RV. Titration of the progeny RV from the cell supernatants a further
24 h later showed that the T946, V923, and X627 variants produced
more infectious RV than the product of the major IFIHI allele
(Fig 71). The extent of this impairment was not equivalent, with the
nsSNP that generated a truncated MDAS protein (X627) least effec-
tive in controlling RV infection.

Together, these data demonstrate that the T1D-related IFIHI
SNPs differently affect the function of MDAS to reduce the protein’s
activity and limit the antiviral response against RV infection.

Discussion

Although T1D is strongly influenced by genetics, there is evidence
that disease progression is also impacted by environmental factors.
Virus infection has been proposed as an etiological agent for T1D.
The recognition that polymorphisms within the antiviral IFIHI
gene correlate with the risk of developing T1D appears to corrobo-
rate this proposition (Kato et al, 2006; Smyth et al, 2006). Expla-
nations of how viral infection might advance autoimmunity
include the following: viral molecular mimicry, although this is
not supported by the association of T1D with genetic variability in
the class II (as opposed to the class I) HLA receptors; epitope
spreading; lymph node priming; expansion of populations of auto-
reactive cells; and insulitis. Our data support the latter by demon-
strating that Mda5 induces inflammation and cell death in
response to RV. The tissue-specific innate immune response that is
regulated by Mda5 identifies a consonance with subsequent
autoimmunity in T1D.

We show here that ablating MdaS5 increased the susceptibility to
RV infection and reduced the innate immune response. This, with
the demonstration that the SNPs in IFIHI that are associated with
reduced risk of T1D reduced the antiviral activity of MDAS, argues
against the proposition that persistent viral infection induces
autoimmunity (Dotta et al, 2007; Richardson et al, 2009; Op de
Beeck & Eizirik, 2016). In fact, persistent virus infection has been
associated with the repression of cell-mediated immunity as T cells
become exhausted from continuous T-cell receptor stimulation
from persistent antigen (Gruener et al, 2001; Day et al, 2006;

A Micrographs showing Venus fluorescence (green) produced by homotypic interaction between split-Venus fusion constructs of MAVS at 56 h (far right) or MDAS
after 48 and 56 h (first and second columns) and heterologous interactions between MDAS and MAVS at 56 h (third column) in HEK293 cells. Mitochondria are
visualized with MitoTracker (magenta), and cell nuclei are stained with Hoechst (blue). Arrows indicate the co-localization of protein complexes (Venus) and

mitochondria.
B, C

Graphs quantitating the association between the major (MDAS) and minor IFIH1 alleles (T946, V923, and X627) and the complementary split-Venus tag alone (C), MDAS

or MAVS tagged with the separate halves of the split-Venus fluorophore and assessed by the fluorescence intensity in the cell after 48 h (n = 3) (see also Fig EV4).

The relative induction of IFNBI-, IFIT1-, and IL-8-promoter firefly-luciferase reporters 24 h after mock or RV infection in HEK293 cells co-transfected with the control

LV-GFP (C) or the indicated MDAS5-GFP constructs (n = 3). The levels of firefly luciferase were normalized to a constitutively active Renilla luciferase and expressed

relative to control (GFP only) cells that did not express MDAS (see also Fig EV5).

G The relative survival of HEK293 cells expressing the indicated MDAS-GFP or control GFP (C) constructs labeled with annexin V and 7-AAD and assessed by FACS

(n = 3) (see also Fig EV5).

H The relative production of recombinant control LV-GFP (C) or the indicated MDAS-GFP lentivirus (LV) measured by quantitating GFP fluorescence in HEK293 cells

(n = 3).

| Titration of RV produced from HEK293 cells transfected with the control LV-GFP (C) or the indicated MDAS-GFP constructs (n = 3) (see also Fig EV6).
Data information: The data are shown as mean 4 SEM. Student’s t-test was used to calculate the P-values. NS = P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.
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Angelosanto et al, 2012; Dyavar Shetty et al, 2012). Rather than
viral infection per se, these findings argue that it is the antiviral
response that induces immune pathology. This is consistent with
genetic studies linking the pathway with autoimmune diseases.

Previous reports had associated the IRF7 locus with the risk of
T1D and identified that the condition is strongly associated with IFN
signaling (Heinig et al, 2010). Polymorphisms in other IFN-regu-
lated genes that regulate MDAS activity have also been associated
with T1D. A SNP identified in the IFN-regulated 2'-5’-oligoadenylate
synthase 1 (OASI) that increased enzyme activity suggested that,
like MDAS, OAS1 activity is pernicious in T1D. Significantly, OAS1
activity produces RNA substrates, via ribonuclease L, that activate
MDAS (Malathi et al, 2007). Genetic studies have identified gain-of-
function mutations in IFIHI and loss-of-function mutations in the
RNA-specific adenosine deaminase 1 (ADARI), which modifies
endogenous RNAs to prevent auto-activation of MDAS (Liddicoat
et al, 2015), in patients with interferonopathies who show elevated
IFN signaling and autoimmunity (Enevold et al, 2014; Rice et al,
2014; Rutsch et al, 2015).

Corresponding with the pathophysiology associated with excess
MDAS activity in humans, it was shown that increasing Mda5 levels
in transgenic mice accelerated the production of switched autoanti-
bodies on a lupus-susceptible background (Crampton et al, 2012).
Equivalently, reducing the expression of Mda5 through heterozygos-
ity increased regulatory compared to effector T cells at sites of
autoimmunity (Lincez et al, 2015). Notably, ablating Mda5 expres-
sion protected B-cells in the non-obese diabetic mouse (Lincez et al,
2015). Although earlier experiments had demonstrated that forced
expression of type I IFNs in the murine pancreas induced immune
destruction of the B-cells (Stewart et al, 1993), ablating the Ifnarl
receptor in the non-obese diabetic mouse did not alter disease
progression (Carrero et al, 2013). Accordingly, type I IFN signaling
is not essential. This mutation does not preclude the involvement of
type III IFNAs, which induce an analogous response to type I IFNs
via separate receptors. Consistent with this, pancreatic islets
produce IFNAs in response to viral infection and these cytokines
have been demonstrated to be essential to control RV infection and
to augment T- and B-cell responses during viral infection (Pott et al,
2011; Lind et al, 2013; Misumi & Whitmire, 2014). Furthermore, a
SNP within the locus that encodes the IFNA genes (IL29, IL28A, and
IL28B) was associated with increased seroconversion following
virus challenge (Egli et al, 2014).

T1D is not currently regarded as an interferonopathy, but the
former discussion argues that it should be. Although other interfer-
onopathies have been associated with gain-of-function mutations in
MDAS, this is not the case with T1D. Instead, we propose that viral
infection and subsequent IFN signaling induce MDAS activity. The
low incidence of T1D necessitates that this antiviral response must
be accompanied by additional defects in immune regulation. Impor-
tantly, gain-of-function mutations in MDAS have been identified in
healthy people and the development of autoimmune pathology in
mice that overexpress Mda5 or IFNs is dependent upon the genetic
background (Stewart et al, 1993; Crampton et al, 2012). Accord-
ingly, MDAS-dependent activity and IFN signaling are not sufficient
to induce pathophysiology and additional conditions are required in
order to break immune tolerance.

Gene association studies have identified a number of other poten-
tial T1D candidate genes. Although not shown to be causal and by
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no means comprehensive, the current genes that have been identi-
fied to correlate with T1D implicate the patient’s leukocyte function.
This is characterized by polymorphisms in the human leukocyte
antigen (HLA) variants DQAI, DQBI1, and DRBI; C-C chemokine
receptor type 5 (CCRS); cytotoxic T-lymphocyte-associated protein 4
(CTLA4); hepatic nuclear factor 1o (HNF1A); interleukin 2 receptor
subunit o (IL2RA); and protein tyrosine phosphatase, non-receptor
type 22 (PTPN22).

In aggregate, the data suggest that the minor alleles of T1D-
related IFIHI SNPs diminish the innate immune response to RV
infection, resulting in an impaired ability to limit RV production
compared to individuals with the major allele. This, with the strong
selective pressure from infectious virus, likely explains the rarity of
these polymorphisms in the population. However, the more robust
innate immune response in individuals with the major IFIHI allele,
with the tissue-specific activity of MDAS combined with additional
uncertain defects in immune regulation, predisposes them to
progress to autoimmune destruction of their p-cells following viral
infection. In this light, polymorphism within IFIHI that decreases
the function of MDAS might be retained in the population, as they
protect against more injurious immune responses. Together, these
data reassert the concept that it is not viral infection per se, but
MDAGS-induced cell death, IFN signaling, and ensuing inflammation
that prime the individual’s lymphocyte function to promote auto-
immune pathology in T1D.

Materials and Methods
Ethics statement

All procedures were conducted in accordance with protocols
approved by the Monash University Animal Welfare Committee (ap-
proval number MMCA/2007/43) under relevant institutional guide-
lines, the Prevention of Cruelty to Animals Act 1986 and associated
regulations, and the Australian Code of Practice for the Care and
Use of Animals for Scientific Purposes.

Mice

Mice were sedated with intraperitoneal injection of Avertin (tribro-
moethanol), 12.5 mg/ml in water, 4 mg/10 g of body weight.
Animals were euthanized by cervical dislocation or using a carbon
dioxide inhalation chamber. C57BL/6 mice were obtained from
Monash Animal Services, and Ifihl’/ ~ mice were obtained from
Dr Marco Colonna (Gitlin et al, 2006). Mice were bred and housed
homogeneously in the Monash Medical Centre Animal Facility
under conventional conditions. Mice aged 5 weeks were orally
inoculated with trypsin-activated RV (1 x 10° fluorescent cell-
forming units (FCFU) per 10 g body weight) and mock RV (TSC
buffer) for 5 days using a peripheral venous catheter (BD Insyte™
381233, 20 G x 1.00 in, 1.1 mm x 25 mm). Mice were treated with
30 pl of 1.33% NaHCO; solution 10 min before virus inoculation,
to reduce stomach acidity. After 5 days, tissues for biological fluid
and RNA extraction were isolated and snap-frozen in liquid nitro-
gen and then stored at —80°C. The tissue for histology was fixed
in 10% formalin at 4°C overnight and 70% ethanol at 4°C for up
to 1 week before processing.
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Cells

MEFs were generated from age-matched Ifih1 ™/~ and WT mice as
described previously (Xu, 2005). Immortalized Ifnarl~/~ MEFs were
obtained from Professor Paul Hertzog (Hudson Institute of Medical
Research). MEFs, HEK293 (ATCC), HEK293FT (Invitrogen), and
MA104 were grown in DMEM with 10% FBS at 37°C, with 5% CO,,
and were passaged every 2-5 days under sterile conditions. Peri-
toneal macrophages were isolated as described previously (Zhang
et al, 2008) and were grown in RPMI with 10% FBS at a density of
2 x 10° cells/well in 24-well plates for 72 h before treatments. Cells
were transfected using FUGENE 6 (Roche) transfection reagent as
recommended.

Virus

RV was activated in DMEM containing 10 pg/ml porcine trypsin at
37°C for 30 min and was added to serum-free confluent cells at a
final concentration of 10° FCFU/ml. Virus was titrated, and then,
the remaining supernatant was inactivated by treatment with UV for
30 min with agitation. RV titers were determined by performing
twofold serial dilutions of harvested virus in DMEM containing
1 pg/ml porcine trypsin in a 96-well plate. After incubation for 18 h
at 37°C, the supernatants were aspirated and the cells were fixed
with 80% (v/v) acetone, the acetone removed, and anti-SA11 poly-
clonal antiserum added, diluted 1:400 with PBS, for 1 h at 37°C,
followed by three washes and incubation with 30 ul goat anti-rabbit
antibody (Alexa® Fluor 594) diluted 1:1,000 in PBS at 37°C/5% CO,
for 1 h. Fluorescent cells were counted and virus titers represented
as FCFU/ml.

Lentivirus production

The IFIHI open reading frame (ORF) was cloned into the lentiviral
vector pLV-GFP as an Xbal-BamHI fragment to generate pLV-
Ifih1-GFP. The SNPs (T946, V923, and X627) were generated by
site-directed mutation using Pfu turbo (Agilent) with the oligo-
nucleotides: E627X-TGCGTATACTCATCTTTAAACTTTCTATAATG
AAGAG, A946T-GTAAGAGAAAACAAAACACTGCAAAAGAAGTGT,
and 1923V-GGGAAGATATCCATGTAGTTGAGAAAATGCATCAC.
Recombinant lentivirus was packaged using the ViraPower™ Pack-
aging Mix (Invitrogen) as directed. Transfected HEK293FT cells
were incubated overnight, and then, the medium was supple-
mented with 2 mM L-glutamine, 1 mM sodium pyruvate, and 1x
MEM non-essential amino acids (Invitrogen). Cell supernatants
were harvested 72 h later, centrifuged at 1,500 g for 15 min at
4°C, and filtered through a sterile 0.45-um PVDF filter. Viral stocks
were stored at —80°C. Lentivirus was titrated on HEK293 cells
over a 10-fold serial dilution, and then after 72 h, 50-100 positive
cells per field were counted and the viral titer was expressed as
FCFU/ml.

Fluorescence assays

The IFIH1 and MAVS ORFs were cloned into pcDNA3-V1/V2 (as
Acclll-Xbal fragments) to produce amino-terminal split-Venus-
tagged proteins, respectively. The WT IFIH] sequence was first
mutated to alter an Xbal restriction site. HEK293 cells were seeded
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into a 24-well culture plate, transfected with 40 ng/well of each
construct, and imaged after 24-48 h with an Olympus IX70 micro-
scope and U-RFL-T burner. Images were captured using the SPOT-
RT3 camera and software (Diagnostic Instruments Inc.) and
analyzed with ImageJ (http://imagej.nih.gov/ij). Alternatively, cells
were grown on coverslips and then stained with MitoTracker and
Hoechst after 48 h and processed as described below.

Immune detection

Primary antibodies used for Western blots were as follows: mouse
anti-Mda5 (Axxora, ALX-210-352), anti-IkBa (Cell Signaling, 9242),
mouse anti-Il-1f (Abcam, ab9722), anti-B-actin (Abcam, ab8226),
mouse anti-P56 (Dr Ganes C Sen, Cleveland Clinic, USA), and anti-
GFP (SIGMA). The proteins on the membranes were detected using
an Odyssey imaging system (LI-COR Biosciences) and quantitated
using ImageJ (Schneider et al, 2012).

Reagents used for ELISA were as follows: rat anti-mouse Ifnf3
monoclonal antibody 7F-D3 (Abcam, ab24324), rabbit anti-mouse
Ifnp polyclonal antibody (PBL Biomedicals, 32400) and goat anti-
rabbit IgG-HRP (Santa Cruz, E2908), rat anti-mouse Il-6 (BD
Pharmingen, 554400), biotin rat anti-mouse Il1-6 (BD Pharmingen,
554402), HRP-streptavidin conjugate (Invitrogen, 43-4323) and
recombinant murine II-6 standards (BD Pharmingen, 554582), and a
recombinant murine Ifnf standard (Professor Paul Hertzog). Tnfa
and 1l-1p were measured using kits (BD OptEIA™, 558534 and
559603).

For microscopy, cells were seeded on sterile coverslips (Menzel-
Glaser, 12 x 12 mm, #1.5, Thermo Fisher Scientific, CSC1215GP),
infected with RV, then fixed with 10% formalin for 30 min after
washing with PBS, permeabilized with 0.1% Triton X-100 in PBS for
5 min, and then blocked with Assay Diluent (BD OptEIA) for
30 min before detection. Infected cells were probed with polyclonal
anti-SA11 (Donker et al, 2011), goat anti-rabbit antibody (Alexa®
Fluor 594, Invitrogen), phalloidin (Biotium), and Hoechst (Invitro-
gen). IRF3 was detected using anti-IRF3 rabbit polyclonal antibody
(FL-425, Santa Cruz Biotech) and goat anti-rabbit (Alexa® Fluor
488, Invitrogen). Coverslips were mounted with Mowiol (13%
Mowiol, 33% glycerol, and 20% sodium azide, pH 8.5) and
recorded using a DeltaVision imaging system (Applied Precision).
Three-dimensional pictures of the cells were taken using SoftwoRx
and the numbers and intensities of RV particles and the numbers of
cells in each image were counted using Imaris from Bitplane, and
the total viral particle intensities per cell were calculated and
analyzed using Prism 6 (GraphPad).

qRT-PCR

Total RNA was extracted with TRIzol (Invitrogen), and cDNA was
synthesized using a First Strand SuperScript™ II RT kit (Invitrogen).
gRT-PCR was performed using SYBR GreenER™ gPCR SuperMix
(Invitrogen) in iCycler® PCR Instrument (Bio-Rad Laboratories), using
the following primers: Ifihl-F GCCCAGAAGACAACACAGAATCA
GACA, Ifih1-R TGCAGTTCTGGCTCGGGGGA, Ifnbl-F TCCGAGCAGA
GACTTCAGGAA, IfnbI-R TGCAACCACCACTCATTCTGAG, Il6-F
GAGGATACCACTCCCAACAGACC, Il6-R AAGTGCATCATCGTTGTT
CATACA, Tnf-F GAAAAGCAAGCAGCCAACCA, Tnf-R CGGAT
CATGCTTTCTGTGCTC, Il1b-F CCTGCTGGTGTGTGACGTTCC, Il1b-R
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TCCTTTGAGGCCCAAGGCCACA, Rnl8s-F GTAACCCGTTGAACCC
CATT, and Rn18s-R CCATCCAATCGGTAGTAGCG.

Luciferase assay

Cells co-transfected with gene-expressing constructs and the firefly
and Renilla luciferase plasmids and then infected with RV were
processed following the protocol for the Dual-Luciferase® Reporter
Assay System (Promega) and quantitated using a FLUOstar Optima
imager (BMG Labtech). Firefly luciferase expression was normalized
by the levels of Renilla luciferase activity.

Assays of cell death

Cell survival was assessed by directly counting cell number and
similarly by staining cells with crystal violet, then quantitating the
intensity of this stain. Additionally, the relative uptake of annexin
V, 7-AAD, and the nuclear YO-PRO stain was assessed to positively
identify dying cells. The relative uptake of these different fluorescent
stains can distinguish different modes of cell death, although
alternative modes of cell death were not determined in these
experiments.

Assessment with annexin V and 7-AAD was performed by
trypsinizing cells, then washing with cold cation-free PBS
(Gibco®), and resuspending in PBS with 1 mM EDTA (pH 7) and
1% serum at a density of 1 x 10° to 2 x 107 cells/ml for a mini-
mum volume of 0.5 ml, passed through the strainer of
12 x 75 mm polypropylene tubes (BD Falcon™), and then, GFP-
expressing cells were isolated by Cell Sorter (MoFlo™ XDP, Beck-
man Coulter) and then cultured in medium supplemented with
100 U/ml penicillin and 100 g/ml streptomycin (SIGMA). For the
analysis of cell death, cells were resuspended in 1x Binding Buffer
at a concentration of 1 x 10° cells/ml in polystyrene tubes
(Techno Plas) and incubated with PE annexin V and 7-AAD (BD
Pharmingen™) for 15 min at room temperature in the dark, and
then, the reaction was terminated by additional 1x Binding Buffer.
RV-containing samples were fixed with 2% paraformaldehyde for
20-30 min on ice after staining, and the cells were analyzed using
a BD FACSCanto II Analyzer and the data were analyzed using
FlowJo. Additionally, cells were fixed with 10% formalin before
addition of crystal violet solution (Sigma, C3886-25G, 0.1% in 2%
ethanol) and then incubated for 30 min at room temperature.
After three PBS rinses and air-drying in a fume hood, 100%
methanol was added to the plate to solubilize the stain. The
absorbance of the dissolved cell stain was read at 540 nm on a
FLUOstar Optima imager (BMG Labtech).

Alternatively, HEK293 cells were transfected with 25 ng MAVS,
120 ng MDAS, or 100 ng of a constitutively active IRF3 (IRF3-5D)-
expressing construct and 100 ng of either the IxBo, or dominant-
negative constructs of IRF3 (IRF3-AN), IKKe, or TBK1 constructs in
a 24-well plate, and then passaged to a 96-well plate 24 h later
before being treated with 2 pg/ml pIC and FuGENE for 10 h after a
further 24 h. YO-PRO (Thermal Fisher Scientific) and Hoechst dyes
were added to the medium, and the accumulation of the fluorescent
YO-PRO signal in the cell nucleus was quantitated using a Cellomics
bioimager (Thermal Fisher Scientific).

Expanded View for this article is available online.
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