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Coxsackie B viruses (CVB) are enteroviruses that have been associated with a variety of human diseases,
including myocarditis. In the present study, we found that MDAS5 and its adaptor molecule MAVS are critical
for type I interferon responses to CVB, since the absence of either MAVS or MDAS leads to deficient type I
interferon production and early mortality in mice infected with CVB. Pancreatic and hepatic necrosis were
observed on histopathological examination of MAVS and MDAS5 knockout mice infected with CVB. Inflam-
matory cytokine production in response to systemic CVB infection was independent of MAVS. Surprisingly,
virus titers were not elevated in MAVS-deficient mice, despite significant reductions in type I interferon levels.
These data highlight the importance of type I interferon in host defense and provide insight on the mechanisms
of innate immune responses following coxsackievirus infection.

Coxsackieviruses are nonenveloped, single-stranded RNA
enteroviruses of the Picornavirus family that are common
pathogens in humans. They are conventionally divided into
subgroups A (serotypes Al to A24) and B (serotypes Bl to
B6). While coxsackie A viruses are most commonly associated
with skin exanthema, the coxsackie B viruses (CVB) are asso-
ciated with serious illnesses such as myocarditis, pericarditis,
and meningitis, among other diseases. All six serotypes of CVB
bind and enter cells through a common receptor protein, the
coxsackie and adenovirus receptor (CAR) (5).

Type I interferons (IFNs), including IFN-B and multiple
IFN-a subtypes, are produced early during viral infection and
induce antiviral effects within target cells and mediate the
development of the innate and adaptive immune responses.
Type I IFN is critical in the early control of CVB infection,
since mice deficient in the type I IFN receptor (IFN-o/BR ")
die more rapidly than wild-type mice when infected with CVB
(32). Deonarain et al. observed increased susceptibility of IFN-
B-deficient mice after CVB infection (6). Rapid recognition of
the virus by the innate immune system is essential for the
activation of type I IFNs. We and others have reported that
enteroviruses, including CVB, can stimulate the production of
cytokines including type I IFN through endosomal Toll-like
receptors (TLRs), specifically TLR7 and TLRS (28, 30). TLR3,
which recognizes double-stranded RNA (dsRNA) (2), has
been shown to be crucial for the survival of mice infected with
CVB4 (23). However, cytoplasmic RIG-like helicases, includ-
ing retinoic acid-inducible gene I (RIG-I) and melanoma dif-
ferentiation-associated gene 5 (MDAS), are also important
mediators of intracellular viral nucleic acid sensing. Each con-
sists of a C-terminal DEXD/H-box RNA-helicase domain and
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an N-terminal caspase recruitment domain and can induce
IFN gene transcription in response to dsRNA. RIG-I has the
additional capability of responding to the 5" triphosphorylated
RNA (13), while MDAS can recognize polyriboinosinic:polyri-
bocytidylic acid (10). RIG-I and MDAS use the signaling adap-
tor mitochondrial antiviral signaling (MAVS), also called
IPS-1, Cardif, and VISA, to coordinate the activation of the
transcription factor interferon regulatory factor 3 (IRF3) to
induce the production of type I IFN (16, 21, 26, 33). RIG-I,
MDAS, and MAVS knockout mice have been used to establish
the importance of these molecules in type I IFN responses to
viruses. Notably, induction of type I IFN by certain picornavi-
ruses, including encephalomyocarditis virus, Theiler’s virus,
and Mengo virus, is mediated by MDAS and not RIG-I (10,
15). MDAS has also been proven to sense a murine norovirus
(19).

The goal of the present study was to determine whether
MAVS and MDAS participate in the induction of type I IFN in
response to CVB infection. This goal was achieved using an in
vivo model of infection comparing wild-type and knockout
mice. We have found that MAVS, the adaptor molecule for
both MDAS and RIG-I, is essential for type I IFN production,
but not inflammatory cytokine production, in response to cox-
sackievirus B3 (CVB3) infection. Mortality studies performed
in MAVS and MDAS knockout mice proved that both play
crucial roles in survival after systemic CVB3 infection. These
data suggest that MDAS is a predominant receptor for protec-
tive innate immune responses against CVB.

MATERIALS AND METHODS

Viruses. CVB3 strain Nancy was maintained and quantified by plaque assay on
HelLa cells as previously described (3).

Mice. C57BL/6 IFN-o/BR ™/~ were provided by J. Sprent (Scripps Research
Institute, La Jolla, CA) (17) and were backcrossed for more than 10 generations.
B6.129 MAVS™/~ mice were provided by Z. Chen (University of Texas South-
western Medical Center, Dallas) (26) and were backcrossed with C57BL/6 mice
for three generations; MAVS~/~, MAVS*/~, and matched littermate wild-type
controls were used for mortality studies. F; 129 SvJ MDAS5 ™/~ mice were pro-
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FIG. 1. IFN-o/BR-deficient mice show increased susceptibility to
lethal infection with CVB3. (A) IFN-o/BR ™/~ mice (n = 6) and age-
and sex-matched wild-type C57BL/6 (n = 6) were injected with 10*
PFU of CVB3 and monitored for survival. The median survival was 2
days for IFN-o/BR ™/~ mice (solid line) versus 4 days for wild-type
C57BL/6 mice (dashed line, P = 0.0009). (B) Histopathology of livers
and pancreata from a wild-type C57BL/6 mouse and an IFN-a/BR ™/~
mouse 48 h after infection with CVB3. Both pancreata demonstrate
severe necrosis of the acinar cells, but only the IFN-a/BR ™/~ mouse
liver shows severe necrosis without associated inflammatory cellular
infiltration. Magnification, X400.

vided by M. Colonna (Washington University, St. Louis, MO) (10). MyD88~/~
and TLR3™/~ mice, a gift from S. Akira (Osaka University, Osaka, Japan) (1,
12), were each backcrossed with C57BL/6 mice for more than six generations.
Age- and sex-matched control mice were obtained from the Jackson Laboratory
(Bar Harbor, ME). All mice were maintained in accordance with the guidelines
of the Institutional Animal Care and Use Committee of the University of Mas-
sachusetts Medical School.

Histopathological analyses. Tissues were recovered from mice at necropsy, fixed
in Bouin’s solution, and embedded in paraffin. Sections 5 um thick were cut. For
routine histology, sections were stained with hematoxylin and eosin. The sections
were evaluated by R. T. Bronson without knowledge of the experimental design.

ELISA. Blood was collected from mice and sera were stored frozen (—80°C)
until use. To quantify the amounts of IFN protein, sera were assayed in dupli-
cates using an enzyme-linked immunosorbent assay (ELISA) specific for mouse
IFN-a or IFN-B (PBL Biomedical Laboratories, Piscataway, NJ). The ELISA
was performed in accordance with the manufacturer’s protocol and analyzed at
an absorbance of 450 nm. The limits of detection of IFN-a and IFN-f were 12.5
pg/ml and 15.6 pg/ml, respectively. Murine MCP-1 was measured by using the
OptEIA ELISA set (BD Biosciences, San Jose, CA).

Statistical analyses. Survival analysis was performed by using the Kaplan
Meier method and log-rank test. Differences in the means of data were com-
pared by using the Student unpaired ¢ test. Significant differences were assumed
for P values < 0.05. All statistical analyses were performed by using GraphPad
Prism software (version 4.0c; GraphPad, San Diego, CA).

RESULTS

MAVS and MDAS are critical for survival following CVB3
infection. To examine the consequences of absence of type I
IFN signaling during CVB3 infection, mortality was assessed in
IFN-o/BR™~ mice. We observed 100% mortality at 2 days
after infection with 10* PFU of CVB3 given intraperitoneally
(i.p.) (Fig. 1A). In contrast, the median survival time was 4
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FIG. 2. Absence of MAVS is associated with high mortality in
CVB3-infected mice. (A) MAVS™'~ mice (n = 10) and littermate
controls, including MAVS™* mice (n = 6) and MAVS™'™ mice (n =
21), were injected i.p. with 10* PFU of CVB3 and then monitored for
survival. Median survival times were 3 days for MAVS ™~ mice versus
7 days for MAVS ™" mice (P < 0.001) and 6.5 days for MAVS™ ™ mice
(P = 0.021). The graph shows data combined from two independent
experiments. (B) Histopathology of a liver from a MAVS™~ mouse 2
days postinfection reveals severe necrosis without inflammatory cells.
Magnification, X400.

days in control wild-type C57BL/6 mice. This was in agreement
with a previous study that examined the importance of the type
I IFN signaling pathway during CVB3 infection in vivo (32).
Total body necropsy studies revealed severe necrosis of the
acinar cells of the pancreas in both wild-type and IFN-o/BR ™/~
mice at 48 h after infection. Pancreatic islet cells did not ap-
pear to be affected, a finding consistent with published reports
(20). However, severe hepatic cell necrosis without inflamma-
tory cell infiltration was consistently seen in IFN-o/BR ™'~ mice
but not in wild-type mice (Fig. 1B). Damage to both the pan-
creas and the liver appeared to be a primary cause of early
CVB-induced mortality in these mice, since necropsies did not
reveal differences between wild-type and knockout mice in any
other organs. Heart and brains did not demonstrate any his-
topathologic abnormalities.

To determine whether the absence of MAVS signaling influ-
ences mortality associated with CVB3 infection, we similarly in-
fected MAVS ™/~ mice. MAVS™~ and MAVS™* littermates
were used as controls. MAVS ™/~ mice had a median survival time
of 3 days, while MAVS*/~ and MAVS*'" littermates had me-
dian survival times of 7 and 6.5 days (Fig. 2A). All moribund
MAVS™~ mice had mottled livers and enlarged pancreata on
gross examination, and histopathology revealed early severe he-
patic necrosis without associated inflammatory cells (Fig. 2B), as
well as severe necrosis of the acinar pancreatic tissue.

We also found that MDAS expression plays an important
role in survival after challenge with CVB3. We compared
MDAS5 /= mice to wild-type 129 Sv] mice, which were the
appropriate controls for these knockout mice. 129 SvJ mice had
a relatively diminished inflammatory response after CVB3 infec-
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FIG. 3. MDAS-deficient mice have increased susceptibility to le-
thal infection with CVB3. (A) MDAS5 /™ mice (n = 6) and age- and
sex-matched wild-type controls on a pure 129 SvJ background (n = 7)
were injected i.p. with 10* PFU of CVB3 and then monitored for
survival. A total of 50% of MDAS5 /™ mice died, whereas all of the
wild-type mice survived more than 14 days (P = 0.03). (B) Histopa-
thology of a liver from a MDAS ™/~ mouse at 4 days postinfection
reveals severe hepatic necrosis. Necrotic hepatocytes stain bright red.
Brown granules overlying necrotic cells represent acid hematin. Mag-
nification, X400.
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tion, with much lower cytokine levels and virus titers compared to
C57BL/6 and B6.129 mice infected with the same dose of virus
(see Fig. 4 and 5). No deaths occurred in CVB3-infected wild-type
129 SvJ mice over 14 days of infection. However, a mortality of
50% was observed in MDAS5 ™/~ mice on a pure 129 SvJ back-
ground (Fig. 3A). Total body necropsy was performed on a mor-
ibund MDAS5 ™/~ mouse and was notable for severe pancreatic
and hepatic necrosis (Fig. 3B). Mice that did not die during the
first 14 days after infection recovered with weight gain and full
activity. In all three mortality studies, the severity of liver damage
correlated with early mortality.

Production of type I IFN, but not inflammatory cytokines,
depends on MAVS during infection with CVB3. In screening
experiments, we determined that IFN-a and IFN-B reached
peak levels in both serum and pancreata of wild-type C57BL/6
mice at 48 h and waned by 4 days after i.p. infection with 10*
PFU of CVB3. We subsequently performed a comparative
assessment of cytokines from IFN-a/BR-, MAVS-, and MDAS-
deficient mice, along with their appropriate wild-type controls,
at 48 h postinfection. We limited our cytokine analysis to serum
and pancreas and liver, since these particular organs showed sig-
nificant pathology in our infection model. We observed several
profound differences between MAVS™~ and wild-type B6.129
mice. Both serum and pancreatic IFN-a levels were significantly
diminished in MAVS™/~ mice compared to B6.129 wild-type
controls; serum IFN-a levels were also significantly diminished in
comparison to C57BL/6 wild-type controls (Fig. 4A). Serum and
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FIG. 4. Pancreatic IFN-a levels are significantly reduced in MAVS ™/~

and MDA5~'~mice infected with CVB3. Age- and sex-matched wild-type

(C57BL/6 or B6.129 or 129 SvJ), IFN-a/BR /7, MAVS /", or MDA5 '~ mice were inoculated with 10* PFU of CVB3 i.p. Organs were harvested

48 h after infection, and the cytokine levels of serum and pancreata

(normalized to organ weight) were determined by ELISA. Statistical

significance was calculated by using the Student ¢ test (%, P < 0.05; **, P < 0.01; ***, P < 0.001). The data are shown from four to five animals

per group. Dashed line indicates limit of detection of the assay.
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FIG. 5. Virus titers were significantly elevated in IFN-o/BR '~ but not MAVS™~ or MDAS5 '~ mouse sera and livers after infection with
CVB3. Wild-type (C57BL/6, B6.129, or 129 Svl), IFN-o/BR /7, MAVS™/~, or MDA5 ™/~ mice were inoculated with 10* PFU of CVB3 i.p. Organs
were harvested 48 h after infection, and the virus titers of serum (A), pancreas (B), and liver (C) were determined by plaque assay on HeLa cells.
Statistical significance was calculated by using the Student ¢ test (*, P < 0.05; %, P < 0.01; *%*, P < 0.001). The data are shown from four to five
animals per group. (D) In a separate experiment, wild-type B6.129 or MAVS ™/~ mice were similarly inoculated with CVB3 and tail bled daily.
Serum virus titers were determined by plaque assay on HeLa cells. The data are shown from four animals per group. The dashed line indicates

limit of detection of the assay.

pancreatic IFN-B levels were also diminished in MAVS ™~ mice
compared to either B6.129 or C57BL/6 control mice, although
differences in the pancreata did not meet statistical significance
(Fig. 4B). Similarly, MDAS5 ™/~ mice had significantly lower levels
of IFN-a than wild-type 129 SvJ mice in both serum and pancreas
(Fig. 4A). 129 SvJ and MDAS /" mice had levels of IFN-g in the
serum that were at the lower limit of detection for the assay (Fig.
4B). Mean IFN- levels in the pancreata of MDAS /™ mice were
lower than that of wild-type control mice, but the difference was
not statistically significant (Fig. 4B). Although pancreatic type I
IFN levels were considerably elevated in wild-type CVB3-infected
mice, liver type I IFN levels were low at 48 h postinfection and did
not differ between infected mice and uninfected wild-type
C57BL/6 mice (data not shown).

As for type I IFN, MCP-1 serum levels peak at 48 h after
infection of wild-type C57BL/6 mice with CVB3. However,
MCP-1 levels in serum and pancreata did not differ between
wild-type mice and MAVS ™'~ or MDAS5 ™/~ mice, highlighting
the distinct role of MAVS and MDAS in type I IFN rather than
NF-«kB-mediated pathways (Fig. 4C). To identify additional
cytokines elevated at 48 h postinfection, we performed a com-
prehensive survey of cytokines in sera from wild-type C57BL/6
(n = 8), wild-type B6.129 (n = 8), and MAVS '~ (n = 6) mice
using a Bio-Plex mouse 23-plex panel on the Luminex-100
station (Bio-Rad, Hercules, CA). The following cytokines were

significantly increased in mice infected with CVB3 compared
to those treated with saline control at 48 h: MCP-1, IL-6, IL-10,
IL-12 p40, KC, and RANTES. However, none of these cyto-
kine levels significantly differed between wild-type mice and
MAVS ™/~ mice (data not shown). Serum type I IFN levels in
infected wild-type mice were again significantly elevated,
whereas type I IFN levels in MAVS ™'~ mice were comparable
to those of saline-treated mice.

Viral replication did not significantly differ between wild-
type and MAVS™~ or MDA5 ™'~ mice 48 h postinfection. We
assessed for differences in viral replication in mice by measur-
ing virus titers in the serum and organ samples used for Fig. 4.
Consistent with published reports (32), infected IFN-o/R ™/~
mice had significantly higher virus titers in serum and liver than
infected wild-type mice (Fig. SA and B). However, surprisingly,
the virus titers in the serum and liver did not differ for either
MAVS ™/~ mice or MDA5 '~ mice compared to the appropri-
ate wild-type control mice at 48 h. Pancreatic virus titers were
relatively consistent for all mice (Fig. 5C). Histopathology
from these mice at 48 h revealed that wild-type C57BL/6 mice
had only mild hepatic necrosis, whereas IFN-o/BR™/~ mice
uniformly had severe liver necrosis. Wild-type B6.129 mice had
mild hepatic necrosis, whereas MAVS™'~ mice had mild to
moderate hepatic necrosis 48 h postinfection. At 48 h, both
wild-type 129 Sv] and MDA5 /™ mice had relatively normal
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livers and normal or only mildly necrotic pancreata. This fur-
ther supported our observation that the 129 SvJ mice are
relatively resistant to coxsackievirus disease.

We also serially examined virus titers in serum from wild-
type B6.129 mice and MAVS™/~ mice after infection with
CVB3 (Fig. 5D). Our goal was to determine whether any
differences in virus titer occurred beyond 48 h since some
MAVS /" mice survived beyond this time point. At 24 h,
serum virus titers were nearly all at the lower limit of detection
of the assay. At 48 h, serum titers were elevated but no differ-
ences were observed between wild-type and MAVS™'~ sam-
ples, a finding consistent with previous data. At 72 h, surviving
MAVS ™/~ mice exhibited signs of illness, but again their titers
were comparable to those of wild-type control mice. By day
four, 75% of the MAVS ™/~ mice were dead, whereas wild-type
mice only began to succumb beginning at day 5 postinfection.
This demonstrated that virus titers were not significantly ele-
vated in MAVS ™/~ mice compared to wild-type control mice at
any day over the time course of infection.

DISCUSSION

We have used a murine model of infection to examine the
role of specific innate immune sensors of CVB3, namely, the
RIG-like helicase MDAS and its adaptor MAVS. Our model
identifies both as key molecules for coxsackievirus innate im-
mune recognition and type I IFN induction during primary
systemic infection, as summarized in Fig. 6. The absence of the
MDAS-MAVS pathway leads to increased mortality in mice
after CVB3 infection. Our data also demonstrate that the
genetic background of the mouse impacts the overall response
to systemic infection with CVB3. C57BL/6 and B6.129 mice
show high virus titers in the serum and liver, whereas 129 SvJ]
mice have relatively low virus titers and systemic cytokine lev-
els. Unlike the C57BL/6 and B6.129 mice, 129 Sv] mice were
able to survive infection with the virus at the given dose. De-
lineating the pathways involved in the innate sensing of CVB3
by using knockout mice generated on different background
strains is challenging and data must be carefully interpreted.
However, regardless of the background strain, we found that if
the type I IFN response pathway was disrupted, the mice suc-
cumbed, and the unique finding on pathological examination
was severe necrosis of the liver. Although necrosis of the acinar
cells of the pancreas is a consistent pathological finding in
CVB3-infected mice that has been confirmed by others (20),
hepatic necrosis is early and severe in mice deficient in the type
I IFN response. The dual insult to both liver and pancreas
certainly could contribute to early mortality.

Deficiency of the IFN-o/BR led to a 10-fold increase in virus
titer in the liver and serum compared to control wild-type mice.
Severe organ damage was consistently observed in the livers of
MAYVS- and MDAS5-deficient mice, even though virus titers
were not significantly elevated in the MAVS- and MDAS-
deficient mice compared to wild-type mice. This was true for
the MAVS ™/~ mice even during peak morbidity (day 3 postin-
fection). This suggests that liver necrosis in the absence of
appropriate systemic type I IFN signaling may occur indepen-
dently of viral replication. Interestingly, while pancreatic type
I IFN levels are high 48 h postinfection in the CVB3 mouse
infection model, liver type I IFN levels are low (i.e., compara-
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FIG. 6. Viral RNA recognition pathways for CVB and their impact
on type I IFN induction, viral replication, and mortality in mice in vivo.
The dsRNA replicative intermediate of CVB interacts with the heli-
case-binding domain of MDAS in the cell cytoplasm. Activation of the
adaptor MAVS triggers downstream IRFs 3 and 7. Production of
IFN-a and IFN-B leads to the engagement of the IFN-a/BR. Absence
of the IFN-a/BR leads to decreased survival and increased virus titers
after CVB challenge. In contrast, absence of MAVS or MDAS leads to
decreased serum levels of type I IFN and decreased survival but does
not lead to increased virus titers in serum after challenge with CVB.

ble to uninfected mice) despite the presence of high virus titers
in the liver. There was a notable paucity of inflammatory cell
infiltrate in the CVB-infected livers. This contrasts the murine
cytomegalovirus model of viral infection in which high
amounts of type I IFN and inflammatory cells, including NK
cells, are detected in murine livers within 2 days of infection
(25). Future studies are warranted to determine which organs
and cells produce type I IFN.

We speculate that type I IFN deficiency might have an effect
on mortality in the setting of viral infection independent of its
effect on viral replication. Type I IFN could have a protective
role against apoptosis or could have protective immunomodu-
latory effects during systemic CVB3 infection in mice. In a
recent study, Richer et al. compared TLR3 ™/~ mice and wild-
type nonobese diabetic mice infected with CVB4 but could not
establish an association between type I IFN deficiency and
increased viral replication (23). Similarly, Hardarson et al.
found that encephalomyocarditis virus infection led to in-
creased mortality and increased viral replication in TLR3 ™/~
mice, even though expression of type I IFN was unimpaired
(11).

We have previously found that TLR7 and FcR can mediate
type I IFN responses to CVB3 in human and murine plasma-
cytoid dendritic cells (30). However, in preliminary mortality
studies, the absence of MyDS8S8, the adaptor molecule for
TLR7, does not negatively impact survival during primary
CVB3 infection in our studies (data not shown). Also, TLR3
has been shown to play a critical role for survival after CVB4
infection (23), and yet in preliminary studies we have found no
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differences in mortality when comparing TLR3™/~ and wild-
type mice after CVB3 infection (data not shown). Our studies
differed in that we used a different serotype of CVB and the
CVB4/TLR3 studies were performed in nonobese diabetic
mice, an autoimmune strain characterized by T-cell dysregu-
lation. We cannot exclude a cooperative role for TLR3 on type
I IFN production after CVB3 infection, since a pronounced
effect on mortality could be potentially observed in MDAS/
TLR3 double-knockout mice. Interestingly, absence of TLR3
has been shown to be beneficial in certain viral models of
infection, including West Nile virus and influenza virus, pre-
sumably due to decreased proinflammatory signaling (11, 18,
31). Overall, the role of TLR3 in different viral infections in
vivo remains controversial and needs further clarification (29).

Of note, others have reported that MDAS protein is de-
graded after in vitro infection with the enterovirus poliovirus,
possibly as a mechanism to antagonize type I IFN production
(4). Our data suggest that, in vivo, MDAS is required for
survival after infection with CVB3 and that if enterovirus-
induced degradation of MDAS does occur in murine infection
with coxsackievirus, it is not likely to be relevant to pathogen-
esis in this model.

CVB is an established cause of cardiac disease, but evidence
exists that CVB may play a role in the development of type 1
diabetes. Type 1 diabetes results from the destruction of insu-
lin-producing pancreatic islet 8 cells in genetically predisposed
subjects. Epidemiological data and clinical observations have
suggested a link between enteroviral infections and type 1
diabetes (7, 8, 34). Primary human islet cells can be infected by
different strains of CVB (24) and possess mRNA for RIG-I,
MDAS, and all TLRs (9, 14). An intriguing link was estab-
lished between viral infection and type 1 diabetes when MDAS
was identified as a strong candidate gene within a type 1 dia-
betes susceptibility locus (27). Several rare variants of MDAS
were recently found to be protective against type 1 diabetes in
genome-wide association studies (22). In separate studies, we
infected wild-type C57BL/6 mice with CVB3 and assessed for
signs of diabetes. Over the course of 40 days, mice did not
develop glycosuria and, as determined by histopathologic anal-
ysis, the pancreatic islets did not appear to be affected in any of
the mice infected with CVB3 (data not shown). However, our
discovery of the mechanistic association between type I IFN
production and the MAVS-MDAS pathway are striking since
innate immune recognition of coxsackievirus RNA may impor-
tant role in the pathogenesis of diabetes in humans. Although
our mouse model of infection may not be an appropriate
model in which to study the relationship between coxsackievi-
rus, MDAS expression, cytokine production, and type 1 diabe-
tes, the potential interactions between MDAS and CVB within
human islets need to be further defined. We anticipate that
determining how MDAS drives the innate immune response to
CVB may lead to novel approaches to disease prevention.
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