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Chapter 5
Encephalomyocarditis Virus

Seiho Nagafuchi, Hironori Kurisaki, and Hitoshi Katsuta

Introduction

Accumulating evidence has suggested a viral origin o
Historical study has indicated the presence of Lertam

iabetes development.
s including coxsackie

vu*us cyotomegalovmu% Vancclla-zo'stcr vu"uq and mubella virus in patients with fatal

gesting that rmmy viruses have potent dlabete seind: cers. Recent advam,es in the field
. as

‘provided the most useful animal model
and Yoon 2001). Deveiopment of dxabetes
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The EMC Virus

Encephalomyocarditis virus belongs to the Picornaviridae family, as enteroviruses
including coxsackie virus, genus cardiovirus, unenveloped, icosahedral structure
(Fig. 5.1a) consisting of four capsid proteins (VP1~4), surrounding a core of
ssRNA, moderately resistant o acidic pH (Racaniello 2007). The virion contains
one molecule of positive sense, ssRNA, about 7.8 kb in size, containing a single
open reading frame (ORF) (Fig. 5.1b) (Racaniello 2007). The virus can be grown in
a tissue culture well with a one step replication time of about 8 h (Fig. 5.1¢), and can
infect rodents, usually producing systemic infection representing encephalitis and
myocarditis. The virus rarely infects humans. Craighead and McLane (
found that the M variant of the EMC virus certainly induced diabetes in.several
susceptible strains of male mice. Later, Yoon et al. (1980) isolated the highly diabe-
togenic D variant of EMC virus and the non-diabetogenic B strain of the EMC
virus, by the plaque clone purification method. EMC-D virus produces diabetes in
over 90% of infected susceptible strain of mice, while E iriis‘did not induce
diabetes in any strain of mice (Yoon et al. 1980). The susceptibility depends on the
strain of mice and sex, namely only male mice are susc tible to the virus (Ross
et al. 1975; Yoon et al. 1980; Huber et al. 1985). These findings accelerated the
study of viral genetic factors to enhance the md‘uc on of diabetes in susceptible
animals as well as research on pathogenesis (Fi
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Fig. 5.1 Characteristics of encephalomyocarditis. (a) Negative stain of EMC-D virus. Courtesy of
Dr. Yuji Ueki and Emeritus Professor Kazunobu Amako, Kyushu University. (b) Growth curve of
EMC-D virus in mouse embryonic fibroblasts. {¢) Genomic structure of EMC virus
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Fig. 5.2 Mechanisms of pancreatic B-celi damage due to EMCV infection
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Pathogenesis of EMIC Virus-Induced Diabetes

EMC Virus

The differing diabetogeni

‘among EMC viruses has been noted to be dependent
on the genetic varigﬁg . First, the M variant of EMC virus was obtained as highly
diabetogenic, and later the diabetogenic EMC-D virus and the non-diabetogenic B
i respectively (Craighead and MacLane 1964; Yoon et al.
EMC-D virus and EMC-B virus could not be distinguished by
ation assay or competitive radioimmunoassay (Yoon et al. 1980),

45

48

47
48
49
50
51
52
53

of the complete nucleotide sequences of the genomes of both variants
showed that they were different in only 14 nucleotide positions (Eun et al. 1988;

Bae et al. 1989). Further molecular analysis by generating mutant viruses revealed
that a “G” base at position 3155 ([GCC] Ala-776) is common to all diabetogenic
variants, while an “A” base at the same position (JACC] Thr-776) is common to all
non-diabetogenic variants (Bae and Yoon 1993). Therefore, only one amino acid,
alanine (776th amino acid on the polyprotein), is essential for the diabetogenicity of
the EMC virus (Bae and Yoon 1993). These beautiful studies revealed that the sin-
gle point mutation of “A” to “G” at position 3155 (Thr-776 to Ala-776) are critical
to operate as the diabetogenic EMC virus (Jun et al. 1997). It was found that a
change from Thr-776 to Ala-776 reduced the hydrophilicity of the region by 37%,
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which may increase the efficiency of viral attachment to pancreatic beta cells (Kang
and Yoon 1993; Junetal. 1997, 1998), suggesting that the significance of the genetic
difference had been supposed to influence the effectiveness of the attachment for
beta cells. A challenge dose is not critical for inducing diabetes; however, it has
been indicated that a high dose (10°) PFU challenge destroys directly the pancreatic
beta cells, while low dose (10?) challenge will induce inflammatory responses which
may damage beta cells (Yoon et al. 1980; Huber et al. 1985).

Protection

Innate Immunity

Since the EMC virus-induced diabetes develops within 3 days aft in éction innate

(Yoon et al. 1980) Recent advances in the immunolog
the slgmﬁcance of pattern recognition receptors (P

e g

toll like receptors (TLR), and intracellular hahea such as melanocyte differentia-
tion antigen (MDA) 5 for plCOI’ﬂﬁVlI'USd;@ 5@ acid inducible gene (RIG) I, and
interferon induced with the helicase ng@ ai (IFIHI) for paramyxovirus. It was
reported that polymorphism of the IFIH gene is associated with type 1 diabetes
(Smyth et al. 2006), although it ncertain whether this may be associated
with the viral infection. In EM infection, TLR 3, 7, 8, and MDA-5 function
as receptors, mediating the | transduction pathway, inducing cellular activation
including interferon prod %q (Takeuchl and Akira 2009). McCartney et al. (2011)
reported that MDAS anc TL'R?f are both required to prevent diabetes in mice infected
n of Tlr3+ mice caused diabetes due to impaired IFN-I

with EMC-D viru
IESponses and,,ﬁv' induced B-cell damage rather than T-cell-mediated autoimmu-

ontro}led EMC-D virus infection and diabetes by acting in hematopoi-
etic and stromal cells, respectively, inducing IFN-I responses at kinetically distinct
time points (McCartney et al. 2011). They conclude that optimal functioning of
viral sensors and prompt IFN-I responses are required to prevent diabetes in this
animal model, suggesting the significance of PRR-dependent innate immunity acti-
vation (McCartney et al. 2011).

Regarding the role of interferon, conflicting data in this model have been reported
(Kaptur et al. 1989; Hirasawa et al. 1995). One study reported that interferon may
worsen the EMC-D virus-induced diabetes (Kaptur et al. 1989), and others point to
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#*® e EMCY
E ,
e IFNe/p Receptor | IFN-c: Receptor

(AR2) (AR1)

E EMCV Receptor
e

IRF: Interferon Releasing Factor
PRD: positive regulatory domain
CARD: Caspase recruitment domain
TLR: Toll-like recepior

Fig. 5.3 Interferon production following EMCYV infection and indugtion of anti-viral substances
by interferon receptor signaling pathway '

on (Hirasawa et al. 1995; McCartney 102
\se of EMC-D virus may alter the protective 103
i model (Fig. 5.3). 104

the significance of protective role of Kmte
et al. 2011). Pos‘;lbly the challenge

105

106
107
108
controlled b %he MHC type and passnve transfer of lymphocytcs from mice made 109
diabetic mice with EMC-D virus into normal mice failed to produce diabetes (Yoon 110
et al. 1985). In addition, T-cell-deficient nude mice, B-cell-deficient (muMT) mice, 111
or both T-cell- and B-cell-deficient Rag-2 knockout mice could resist against 112
EMC-D virus-induced diabetes (Kounoue et al. 2008), indicating that adaptive 113
immunity did not affect the outcome of virus-induced diabetes. On the other hand, 114
adoptively transferred antibody to the EMC virus was effective when given before 115
and within 36 h after infection (Kounoue et al. 2008), suggesting that early adoptive 116
antibody transfer or vaccination before infection may work to protect against EMC 117
virus-induced diabetes. 118
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Accelerating Factors

Inflammatory Cells

EMC virus belongs to the group of cytolytic viruses, and therefore a large challenge
dose with the virus destroys pancreatic B-cells extensively enough to lead to diabe-
tes (Yoon et al. 1980; Jun and Yoon 2001). At lower doses of infection, pancreatic
B-cell damage is rather minimal. However, induced inflammatory response includ-
ing infiltrated macrophages and produced cytokines and chemical mediators may
damage further the B-cells to a reduced level of insulin secretion, leading to hyper-

(Hirasawa et al. 1997; Rabinovitch et )i:Nitric oxide may work as a damag-
ing factor to worsen the deterioration ancreatic B-cell function (Fehsel et al.
1993). Infiltrated macrophages
mediators (Hirasawa et al. 1997

Streptozoin and alloxan are well-known diabetogenic substances, inducing DNA
strand breads and poly ADP ribose synthetase, which lead to the lack of ATP in
pancreatic B-cells, resulting in extensive B-cell damage (Yamamoto et al. 1981).
Some possible chemicals exist in the environment such as streptozoin, which is a
compound of nitrourea and glucose; ta streptoxocin-like substance may be gener-
ated reacting with nitrosamines in food and water, and glucose. In addition, alloxan
can be derived from uric acid in the purine metabolism pathway by oxidation with
superoxide substance (Santos et al. 1999). The produced alloxan would possibly
work as a B-cell-specific cytotoxic chemical. Although these possible chemicals to
induce B-cell damage have not been proved to operate in the environment, it should
be noticed that they may work as a risk factor in addition to viral infection.
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5 Encephalomyocarditis Virus
Accumulation of Environmental Insults

An interesting report has established the significance of the accumulation of
environmental insults such as viruses and chemicals (Toniolo et al. 1980). The con-
cept may also be applicable to type 2 diabetes, where accumulation of risk factors
such as diet, obesity, aging, genetic risk, and little exercise together lead to impaired
insulin action, resulting in the development of diabetes. Viral infection may contrib-
ute to the development of type 2 diabetes when viral infection alone is not sufficient
to induce diabetes, but the damage to B-cells may reduce B-cell function to some
extent. In this sense, viral infection may serve as another risk factor for the develop-
ment of type 2 diabetes, although direct evidence is lacking.

Autoimmunity

The EMC virus is a cytolytic virus but does not cause pems nt infection, and there-
fore infected cells are not likely to be attacked by cytotoxic T cells similar to the
autoimmune reaction. However, infiltration of T cells with 4 restricted T-cell recep-
tor repertoire has been reported, suggesting a pathogen:and/or autoantigen-directed
reaction (Kawagishi et al. 2003). Indeed, lys § after infection with the EMC
virus would release self-antigens and thu ssibly trigger autoimmunity to
pancreatic B-cells as well as virus antiger! lirected protective immune response
(Flodstrém et al. 2002; Christen et 20110). The hit-and-run theory is hard to
confirm and/or dlbclaxm with ev nce for or against paradigm. In addition, inter-
feron production induced by viral infection may play a role in the development of
autoreactivity to pancreat.'“ %ﬁtls (Fig. 54) (Devendra and Eisenbarth 2004).
Recent advances in controlling organ-specific autoimmune diseases often associ-
ated with autoimmune type 1 diabetes, the significance of AIRE being in the thymus
and Treg in the peripheral immunoregulation system have been extensively described
in addition to ial environment engagement (Nagamine et al. 1997; Kogawa
et al.2002} Eisenbatth and Gottlieb 2004; Sakaguchi 2005). Programmed death fac-
for, suppres ir of cytokine signaling (SOCS), and B lymphocytes may also contrib-
the prevention of autoimmunity to pancreatic B-cells (Chervonsky 2010;

Yoshimura, et al. 2007; Pescovitz et al. 2009; Nagafuchi et al. 2010).

Long-Term Complications

Susceptible mice infected with diabetogenic EMC-D virus develop hyperglycemia
and develop characteristic diabetic complications similar to those in humans such as
glomerulosclerosis, retinal vessel involvement, and decrease in bone formation and
mineralization. The diabetic mice with glomerulosclerosis after 6 months’ duration
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also been observed in EMC-M
tion (Yoon et al. 1982).

), thickness of the glomerular basement
ap%ule and the renal mesangial matrix has
infected DBA/2 mice 2—-6 months after infec-

C3H/Hel. A/J mice are all resmtant to EMC-D virus-induced dlabete‘; (Ross et al
1975; Yoon et al. 1980; Huber et al. 1985). Onodera and others have reported that
F1 hybrid mice between susceptible SWR and resistant C57BL/6 mice were resis-
tant to virus-induced diabetes, while the next F1 and SWR mating showed that 50%
of those mice exhibited the susceptibility to the virus, thus indicating that a single
autosomal recessive gene, which is inherited in a Mendelian fashion, controls the
susceptibility to the virus (Onodera et al. 1978). It was indicated that the susceptibil-
ity gene may modulate the expression of virus receptors on B-cells in susceptible
mice (Kang and Yoon 1993); however the exact controlling gene has remain to be
identified.
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5 Encephalomyocarditis Virus
Prevention

Several preventive strategies have been reported o be effective. As described in the
pathogenesis section, Nitrate oxide inhibitors and chemokine suppression may
reduce the diabetogenic effect of EMC virus infection. Since the antibody is very
effective to prevent the EMC virus infection, vaccination and every early phase of
the disease may be effective in preventing the EMC virus-induced diabetes (Kounoue
et al. 2008). Immunostimulants such as BCG, Corynebacterium parvum, and PolyIC
treatment have been shown to be effective in preventing EMD-D virus-induced dia-
betes (Kounoue et al. 1987; Choi et al. 2000).

Perspectives

EMC virus has contributed greatly to better understandir ofi ¢ pathogenesis of
virus-induced diabetes. The data described above show edéével@pment of diabeies
even under the diabetogenic virus challenge, with. the ou e being influenced by
many factors, such as genetic background, sex, tive 1mmumty, inflammatory
cells, cytotoxic mediators, and also perhaps the rege I erative activity of pancreatic
B-cells (Hover and Sauter 2010). The elevati ood glucose level may be due
to the accumulation of such “risk facto g to thc deve}opment of virus-
mduced dlabetes Moreover since ev%ﬁ: su

-uc ﬁsk factors should be exploited, as these may lead
abetocremc virus. T hose studles wﬂl hopefully Iead to

also contribute: 0 r%’duce the msk for the development of type 2 dlabetes.

Summary

* EMC virus has provided the most useful animal model for virus-induced type 1
diabetes. Development of diabetes depends on many factors including virus
strain, challenge dose, host factors such as genetic background, sex, immunopro-
tective function, inflammatory responses with macrophages, cytokines, chemok-
nes, and chemical mediators.

¢ Autoimmunity induction is not likely to be a factor in this model, though a hit-
and-run event cannot be excluded.
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= Most importantly, the difference between the diabetogenic strain D (EMC-D)
and the non-diabetogenic strain B (EMC-B) virus depends on only one amino
acid change due to single point mutation of “A” to “G” at position 3155 (Thr-776
to Ala-776), suggesting that possible acquisition of diabetogenicity may occur
often among environmental “non-diabetogenic” viruses.

» Although susceptibility to the EMC-D virus-induced diabetes depends on the
genetic background of mice, the genetic determinants of the host remain to be
elucidated.

Clarification of the pathogenesis of EMC virus-induced diabetes will not only
promote a better understanding of the mechanisms of virus-induced diabetes in gen-
eral, but will also contribute to the development of new protective strategf S against
viral diabetes.

also thank Dr. Chiri Nagatsuka and Mrs Arisa Moroishi for their help i
manuscript. Financial support by Ministry of Health, Labour an
acknowledged.
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