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Abstract

Enteroviruses are small, non-enveloped, positive-sense single-
strand RNA viruses, and are ubiquitously found throughout the
world. These viruses usually cause asymptomatic or mild febrile
illnesses, but have a propensity to induce severe diseases in-
cluding type 1 diabetes and pancreatitis, paralysis and neuroin-
flammatory disease, myocarditis, or hepatitis. This pathogenic-
ity may result from induction of autoimmunity to organ-specific
antigens. While enterovirus-triggered autoimmunity can arise
from multiple mechanisms including antigenic mimicry and re-
lease of sequestered antigens, the recent demonstration of T
cells expressing dual T cell receptors arising as a natural conse-
quence of Theiler's virus infection is the first demonstration of
this autoimmune mechanism.

Picornaviruses are non-enveloped, small, single-stranded
positive-sense RNA genome viruses. The genome consists of
approximately 7500 nucleotides containing an open reading
frame flanked by a 5' and 3’ untranslated region (UTR), and
the 5" UTR equipped with a highly conserved internal ribo-
some entry site [1]. The open reading frame is translated into
a single polypeptide which is subsequently processed by vi-
ral proteases into 11-12 individual viral proteins. The fam-
ily comprises enteroviruses (EVs), hepatoviruses, parecho-
viruses, rhinoviruses, aphthoviruses, and cardioviruses [2].
Although aphthoviruses and cardioviruses have been histor-
ically deemed animal pathogens, a recently isolated human
cardiovirus — saffold virus — in a child with febrile illness,
indicates human pathogenesis is possible, can occur world-
wide, and can primarily infect children under six years of age
[3]. Other new picornavirus genera include Cosavirus and Ko-
buvirus, but little is known about them [4]. Human EVs are
subgrouped into polioviruses (PVs; 3 serotypes), coxsackie-
virus A (CVAs; 23 serotypes), coxsackievirus B (CVBs; 6 sero-
types), echoviruses (28 serotypes), and EVs 68-72. EV infec-
tions in humans are predominantly asymptomatic or cause
minor respiratory illnesses. However, more severe outcomes,
including type 1 diabetes, paralysis, myocarditis, and menin-

goencephalitis, are often associated with various EV infec-
tions [4-7,8%].

EV infections are relatively common and confirmed cases
are voluntarily documented in the Centers for Disease Control
Morbidity and Mortality Weekly Report. During surveillance
between 1970 and 2005 [9], 52,812 detections of EV were
reported to the Centers for Disease Control in the United
States, but the dominant forms of EV varied from year to year.
The total number of EV infections decreased after 1990 but
increased again in 2000. Of all reported EV infections during
that time frame, infection with CVB4 (9.8%), CVB2 (5.9%), and
CVB3 (5.4%) resulted in the highest fatal outcomes. CVBs are
distributed throughout the world based on antibody serop-
revalence and the lowest numbers reported were 6.7-21.6%
in Greece with the highest being over 50% in China [10,11].
EV-D68 recurred seasonally in the Netherlands between 2011
and 2014, primarily affecting individuals who were less than
20 years old and between the ages of 50 and 59. In 2014, an
EV-D68 outbreak in the United States resulted in 1152 con-
firmed cases; interestingly, mainly children were affected and
disease was associated with flaccid myelitis [12,13]. Although
EVs occur everywhere in the world, enteroviral pathogenesis
may be more pronounced in certain geographic regions than
others. For instance, there are recurrent outbreaks of EV-71
in the Asia-Pacific region. The outbreaks predominantly af-
flict children with hand-foot-and-mouth disease and occa-
sionally more serious complications, such as aseptic menin-
gitis, acute flaccid paralysis, and brainstem encephalitis and/
or severe pulmonary edema and shock [14]. Generally, out-
breaks of EV-71 have been sporadic or small- clustered in Af-
rica, Europe, and North America and only rarely accompanied
by severe complications [14]. The incidence and severity of
EV-71's pathogenicity in the Asia-Pacific region is not com-
pletely understood, but a genetic link between human leu-
kocyte antigen (HLA)- A33 and EV pathogenesis has been
reported [15]. It should be noted that HLA-A33 is frequently
found in Asian populations but rarely occurs in non-Asians.
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Figure 1. Proposed autoimmune mechanisms in picornaviral infections. (1) Viruses, depending on their tropism for various organ
systems, such as cardiovascular, digestive, and central nervous system, can directly damage target organs, leading to the release
of self-antigens, including those located within the cells. The newly released antigens are then taken up by dendritic cells, and af-
ter processing, self-peptides presented by dendritic cells may trigger induction of potentially pathogenic self-reactive T cells. Alter-
natively, autoreactive B cells can also take up these antigens and produce autoantibodies that then contribute to tissue damage by
activating immune complex-mediated complements. (2) Acute damage can also result when innate immune cells such as macro-
phages and dendritic cells engage in excessive inflammatory cytokine production. Likewise, IFN-I, when produced in excess by vi-
rus-infected cells, can contribute to tissue damage. (3) Exposure to viruses carrying mimicry sequences for self-antigens can lead to
the generation of cross-reactive T-cell and antibody responses. Whereas T cells can induce damage through delayed-type hyper-
sensitivity reaction (CD4 T-cell-dependent) and cytolysis (CD8 T-cell-dependent), autoantibodies mediate tissue damage via com-
plement activation. (4) Alternatively, if T cells bearing dual receptors (presumably one receptor specific for the foreign antigen and
the other for self-antigen) are responsive to viral infections, by virtue of their response to viruses, they could also potentially attack
self-tissues in the context of mistaken identity. In all of these scenarios, once self-tissues are damaged, de novo generation of self-re-
active T and B cells precipitate the disease process, leading to chronicity as observed in many organ-specific autoimmune diseases.

One of the major features of severe pathogenic diseases
as a result of several picornavirus infections (type 1 diabe-
tes, myocarditis, or paralysis) is a strong association with
autoimmunity. This is especially true in type 1 diabetes [16]
and myocarditis [17,18]. Although PV-induced paralysis
does not appear to be the result of an immunopathogenic
mechanism (resulting instead from direct viral infection and
neuronal destruction), another member of the picornavi-
rus family, Theiler's murine encephalomyelitis virus (TMEV),
is often used as a murine model of virus-induced multiple
sclerosis to induce T-cell-mediated autoimmune demyelin-
ating disease [19,20]. Although the link between autoim-
munity and microbial infections is not novel, what remains
highly controversial is the role infection may play in autoim-
munity. The simplest explanation may be that infection with
cytopathic infectious agents results in cell death or injury,

thus releasing either sequestered or cellular autoantigens
which are present at low concentrations before infection,
thus preventing autosensitization (Figure 1). Self-reactive
T-cell clones should be deleted in the thymus during T-cell
ontogeny when thymic epithelial cells present autoantigens
(central tolerance) but this process requires the autoantigen
to be available to the epithelial cells. Thus, it follows that T
cells reactive to cardiac myosin, myelin basic protein, or islet
beta cells would most probably escape central tolerance as
these antigens are not present in the thymus during T cell
ontogeny (Figure 1). Also, T cells with low affinity self-re-
active TCR could escape clonal deletion within the thymus.
When organs such as the heart, islets or CNS undergo sub-
stantial damage and release of normally sequestered anti-
gens; breakdown of the blood brain barrier; or chemokine
induced infiltration of the damaged tissue with leukocytes;
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the low-affinity self-reactive T cells or T cells reactive to se-
questered antigens may encounter appropriately presented
self-antigens by professional antigen presenting cells at ad-
equate MHC-peptide threshold levels and with appropriate
accessory molecule stimulation and cytokines necessary for
their activation and proliferation. This process, designated
bystander activation, may initially lack vigor as the T cells
would be low affinity. However, since TCR have the poten-
tial to undergo somatic mutations during replication, there
is the potential to evolve higher affinity and a broadening of
reactivity (epitope spreading) self-reactivity over time. Thus,
autoimmunity may evolve for months or even longer before
pathogenic disease becomes evidence [21].

EVs activate the RIG-I-like helicase melanoma differenti-
ation gene 5 (MDAD5) [22], which in turn stimulates the ac-
tivation of interferon regulatory transcription factors (IRFs)
3 and 7 and nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB) via the common adaptor mito-
chondrial antiviral-signaling protein. Activation of IRF3/7 re-
sults in type 1 interferon (IFN-I) expression, whereas nuclear
translocation of NF-kB leads to the upregulation of many
cytokine, chemokine, and accessory molecules involved in
host defense [23,24]. MDAGS activation may directly result in
autoimmunity post picornaviral infection because (a) gain-
of-function mutations in MDAS are associated with spon-
taneous lupus-like autoimmunity induction in mice [25]; (b)
chronic, high-level expression of IFN-I results in lupus-like
conditions [26]; and (c) transgenic mice expressing multiple
copies of the MDAS gene (IfihT) are more prone to autoim-
munity [27*]. The results of these animal studies have been
corroborated in patients having naturally occurring gain-of-
function mutations in /fih 7 which resulted in neuroimmuno-
logical disease, and MDAS5 showing increased RNA binding
avidity and IFN signature [28*]. Because several picorna-
viruses, including PV [29], CVB [30], and foot-and-mouth
disease [31], can induce persistent viral infections, chronic
activation of MDA5 and upregulation of IFN-I could pro-
duce the adjuvant effect attributed by some investigators
as the major contributing factor in picornavirus infections
to induce autoimmunity [32]. While MDAS5 activation and an
IFN-I signature are implicated in autoimmunity induction,
other potential mechanisms should be considered as well.
With the increased use of IFN-I in chronic hepatitis C treat-
ment, there are now more reports of side effects leading
to dilated cardiomyopathies [33-38] and prolonged treat-
ment with PEGylated IFN-I was associated with cardiomy-
opathies with poor prognosis [33]. The mechanism under-
lying IFN-I-induced cardiomyopathy is unknown, but it has
been suggested that cardiomyopathy could be the result of
impaired myocyte metabolism rather than histological dam-
age [38]. High IFN-I levels resulting from picornavirus in-
fections could also result in impaired myocyte metabolism
which itself could be pathologic or could lead to myocyte

necrosis/apoptosis and release of autoantigens. This would
explain why picornaviruses can effectively result in the man-
ifestation of a range of autoimmune diseases: since the in-
fection specifically produces an environment that attracts
and promotes activation of T cells and antigen-presenting
cells to damaged tissues or self-antigens released as a con-
sequence of infection. This hypothesis differs from another
current major theory for virus-induced autoimmunity — an-
tigenic mimicry — that assumes the sharing of peptide epi-
topes between the infectious agent and self-molecules, thus
necessitating proteins or peptides from viruses such as CVB
to mimic multiple autoantigens.

Antigenic mimicry, the shared sequence or tertiary struc-
ture between foreign and self-antigens, has long been con-
sidered the most popular and well-established theory [39].
Pathogenic mimicry between specific pathogens (group A
streptococcus and Campylobacter jejuni, respectively) and
tissues is well documented [40-42] in rheumatic heart dis-
ease and Guillain-Barré syndrome. Strong evidence sug-
gests that picornavirus infections induce experimental au-
toimmunity at both T-lymphocyte and B-lymphocyte levels.
Cardiac myosin autoantibodies occur in CVB3-infected mice
with developing myocarditis, and passive administration of
autoantibodies can transfer disease [43,44]. At least a por-
tion of these antimyosin antibodies are cross-reactive to
CVB3 as well as group A streptococcus [45]. These antibod-
ies react to alpha helical sequences, thus possibly explaining
the broad cross-reactivity of cross-reactive anti-streptococ-
cal antibodies to cardiac myosin and many other tissue an-
tigens, including tropomyosin, laminin, vimentin, and kera-
tin [41]. Similarly, CVB3-infected mice can generate CD4* T
cells capable of transferring myocarditis to naive mice [46].
Other studies have found cross-reactivity between NT4 pep-
tides in group A streptococcus, cardiac myosin, and CVB3
and have shown that mice tolerized to this cross-reactive
peptide abrogated induction of CVB3-myocarditis, indicat-
ing that the mimicking epitope was a major pathogenic fac-
tor in the experimental disease [47].

The mimicry hypothesis has also been tested in the con-
text of type 1 diabetes, but little evidence exists to support
this mechanism [48]. For example, glutamate decarboxylase
(GAD) 247-279, and a peptide fragment derived from CVB
protein (P2-C, amino acids 32-47), have been shown to in-
duce T cell responses in type 1 diabetes patients [49]. Con-
versely, T cell clones specific to GAD 247-280 generated from
type 1 diabetes patients failed to react with its mimicry epi-
tope, P2C 28-50, a derivative of P2-C protein from CVB [50].
Paradoxically however, infection of BDC2.5 T-cell receptor
(TCR) transgenic mice with CVB4 led to the development of
diabetes rapidly, probably due to the release of autoanti-
gens, leading to bystander activation of autoreactive T cells
[51]. Thus, the relevance of molecular mimicry to the immune
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pathogenesis of type | diabetes continues to be uncertain.
Similarly, although, upregulation of costimulatory molecules
in the inflammatory microenvironment is believed to break
the self-tolerance by activating the bystander T cells, targeted
expression of IL-2 or IL-12 in the pancreatic [ cells to pro-
mote continuous proliferation of T cells and/or induction of
Th1 cytokines failed to initiate the disease [52,53]. Likewise,
induction of type 1 interferon response did not trigger diabe-
tes in TCR transgenic mice [54]. Thus, bystander activation as
an underlying immune mechanism of diabetes lacks a good
experimental evidence. However, it may be possible that the
release of sequestered antigens secondary to primary dam-
age, if any, can possibly act as putative target auto-antigens,
as BDC2.5 TCR transgenic mice treated with subdiabetogenic
doses of streptozotocin that causes damage to the pancre-
atic islets, developed diabetes spontaneously [54].

Although humoral cross-reactivity is commonly under-
stood as antibodies that typically react to tertiary structures
such as alpha helices (which are common among proteins),
cross-reactivity between T-cell epitopes might initially seem
less probably, since, primary amino acid sequences must be
loaded onto major histocompatibility complex (MHC) anti-
gens and presented to the TCR. However, it is now accepted
that there is substantial TCR degeneracy in epitope recog-
nition because, amino acids are recognized by the chemi-
cal properties they share rather than the need for a specific
amino acid at a specific location within the peptide sequence
[55,56]. Indeed, one investigator concluded that the sharing
of just one amino acid between two peptides may be suffi-
cient for T-cell cross-reactivity to occur [57]. Such flexibility in
the recognition of peptides by T cells may make singling out
antigenic mimicry as a cause of autoimmunity in viral infec-
tion difficult. A second point of note is that antigenic mim-
icry alone may not adequately support autoimmune disease,
despite sensitizing autoreactive T or B cells. von Herrath and
colleagues proposed a “fertile-field hypothesis” [58] in that,
encounter with a virus or microbe bearing mimicry epitope
for self-antigens may not always necessarily results in disease
[59]. Instead, exposure to infectious pathogens may lead to
the generation of auto-reactive cells as a result of their mul-
tiplication within the target tissues (heart, brain or pancreas).
Once such repertoires are formed, future encounters with
unrelated microbes could possibly trigger pathogenic au-
toimmune responses non- specifically through the adjuvant
effects of microbes or bystander activation. Similarly, serial
infection or exposing individuals with cross-reactive epitopes
to self-antigens such as cardiac myosin and a multitude of
different microbes/agents could reactivate autoimmune re-
sponses, leading to ever-more potent memory T cells until
a substantial or chronic degenerative condition is achieved.
Studies by Massilamany et al. [60] demonstrated that epi-
topes in Bacillus sp. NRRL B-14911, Magnetospirillum gry-
phiswaldense, Cryptococcus neoformans, and Zea mays have

a shared sequence identity with the myocarditic epitope in
cardiac myosin heavy chain-a and have varying capacities
to induce myocarditis when injected into mice. As indicated
above, CVB3 and group A streptococcus NT4 peptide share
a mimicking epitope with cardiac myosin, and tolerization of
mice to the NT4 peptide, abrogated subsequent induction
of myocarditis via CVB3.

Another potential mechanism for picornaviral induction
of autoimmunity is T-cell expression of dual TCRs (Figure 1).
Although, it was originally thought that T cells generated a
single V-(D)-J rearrangement during T-cell ontogeny in the
thymus, it is now known that approximately 30% of T cells in
humans and 15% in mice express TCR with two different Va
rearrangements and therefore different antigen specificities
[61-63]. By contrast, considerably fewer T cells express dual
VB TCR (15% in humans and 5-7% in mice) [61,64,65]. Be-
cause the total space available for TCRs on a plasma mem-
brane must be divided between the two types TCRs, when
one of them is autoimmune, the level of stimulation dual
TCR-bearing T cells receive in the thymus may be insufficient
to result in clonal deletion. Furthermore, when the TCR that
is reactive to foreign antigen activates the T cell, the cell will
subsequently be primed to respond to self-antigens through
self-reactive TCR, thus breaking self-tolerance. This hypoth-
esis is supported by studies in a KRN autoimmune arthritis
mouse model using transgenically produced dual TCR-bear-
ing T cells with a capacity to avoid clonal deletion in the thy-
mus and drive spontaneous late-onset autoimmune arthritis
[66**]. Although this model depended on transgenic T cells,
studies by Libbey and colleagues [67] using TMEV provide
strong evidence that dual TCR-bearing T cells may drive au-
toimmunity in picornaviral infections [61]. Both V3 and V36,
as well as multiple Va proteins, have been detected in TMEV-
induced CD8* T cells capable of adoptively transferring flac-
cid paralysis. However, the authors were not able to deter-
mine the individual TCR antigen specificities in the TMEV
model, although the investigation appears to be ongoing.
Should future studies reveal the natural coexistence of self-
reactive and virus-specific TCR on the same T cell, this would
be the first demonstration of a virus-induced autoimmunity
through this mechanism.

In summary, autoimmunity has been shown to occur as
a consequence in three experimental picornavirus infection
models: CVB3-induced myocarditis, CVB4-induced type 1
diabetes and TMEV-induced demyelinating central nervous
system disease. In all the three models, viruses damage tar-
get organs (heart and pancreas in CVB and brain and spi-
nal cord in TMEV), leading to the secondary generation of
autoimmune responses. The exact mechanism or mecha-
nisms inducing this autoimmunity remain controversial, al-
though evidence supporting several proposals exists: adju-
vants and release of sequestered self-antigens from virally
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damaged cells, antigenic mimicry, or dual TCR expression.
Distinct methods for induction of autoimmunity could po-
tentially dominate either under different conditions or in
different individuals. Additionally, self-reactive immune re-
sponses may not necessarily be pathogenic in all conditions
[68,69,70**,71]. The challenge lies in proving causal links be-
tween the infectious agent, the physiological response in-
duced by the host (which might persist subclinically for weeks
or months), and the ultimate clinical outcome. Finally, not all
individuals infected with picornaviral infection show equiva-
lent disease susceptibility. As indicated above, EV-71-induced
pathology may be more severe in individuals with HLA-A33
[72]. Similarly, HLA-A3, HLA-B40, and HLA-Cw2 may increase
susceptibility to CVB-induced myocarditis [73]. In an experi-
mental model, host genetics clearly determined viral patho-
genesis, as the same virus that infected inbred mouse strains
resulted in either no autoimmunity and no disease or pro-
duced severe autoimmunity with accompanying pathology
[74]. Thus, it would be erroneous to assume that anyone in-
fected with potential pathogens will develop autoimmune
diseases. It is unclear whether well-controlled epidemiolog-
ical studies can determine if this supposed relationship be-
tween various genetic markers and infections even exists. The
uncertainty lies in the time lag between initial infection and
the clinical appearance of symptoms, the latter possibly tak-
ing weeks or months to manifest. Until this kind of epidemi-
ological study can identify cause-and-effect relationships in
a human setting, experimental models remain the only tool
available to systematically research autoimmune events.

Acknowledgments — This work was supported by the National Insti-
tutes of Health (HL114669 to JR and HL108371 to SAH and IB) and in
part from a grant from the Lupus Research Institute, Inc., the National
Center for Research Resources (5P20RR021905), and the National Insti-
tute of General Medical Sciences (8P20 GM103496) from the National
Institutes of Health (to IB). CM is a recipient of a postdoctoral research
fellowship grant from the Myocarditis Foundation (New Jersey).

References and recommended reading

Papers of particular interest, published within the period of re-
view, have been highlighted as: * of special interest; ** of out-
standing interest

1. Raccaniello RV: Picornaviridae: the viruses and their replication. In
Fields Virology, vol 1. Edited by Fields BN, Knipe DM, Howley PM.
Lippincott Williams & Wilkins; 2001:685-722.

2. Santti J, Vainionpaa R, Hyypia T: Molecular detection and typing of hu-
man picornaviruses. Virus Res 1999, 62:177-183.

3. Abed Y, Boivin G: New Saffold cardioviruses in 3 children, Canada.
Emerg Infect Dis 2008, 14:834-836.

4. Tapparel C, Siegrist F, Petty TJ, Kaiser L: Picornavirus and enterovirus
diversity with associated human diseases. Infect Genet Evol 2013,
14:282-293.

5. Hober D, Sane F, Jaidane H, Riedweg K, Goffard A, Desailloud R: Im-
munology in the clinic review series; focus on type 1 diabetes and
viruses: role of antibodies enhancing the infection with Coxsacki-

evirus-B in the pathogenesis of type 1 diabetes. Clin Exp Immunol
2012, 168:47-51.

6. Hober D, Sauter P: Pathogenesis of type 1 diabetes mellitus: interplay
between enterovirus and host. Nat Rev Endocrinol 2010, 6:279-289.

7. Grist N, Bell E: A six year study of coxsackievirus B infection in heart
disease. J Hyg (London) 1973, 73:165-172.

8. * Bowles NE, Ni J, Kearney DL, Pauschinger M, Schultheiss HP, McCar-
thy R, Hare J, Bricker JT, Bowles KR, Towbin JA: Detection of viruses
in myocardial tissues by polymerase chain reaction. Evidence of ad-
enovirus as a common cause of myocarditis in children and adults. J
Am Coll Cardiol 2003, 42:466-472. This paper shows the prevalence
of different viruses in endomyocardial biopsies of patients aged in-
fants to adults with myocarditis.

9. Khetsuriani N, Lamonte-Fowlkes A, Oberst S, Pallansch MA, Centers for
Disease Control and Prevention: Enterovirus surveillance — United
States, 1970-2005. MMWR Surveill Summ 2006, 55:1-20.

10. Tao Z, Li B, Xu A, Liu Y, Song L, Wang S, Xiong P, Lin X, Song Y: Se-
roprevalence of coxsackievirus B3 in Yantai, China. Jpn J Infect Dis
2013, 66:537-538.

11. Mavrouli MD, Spanakis N, Levidiotou S, Politi C, Alexiou S, Tseliou P,
Hatzitaki M, Foundouli K, Tsakris A, Legakis NJ et al.: Serologic prev-
alence of coxsackievirus group B in Greece. Viral Immunol 2007,
20:11-18.

12. Meijer A, Benschop KS, Donker GA, van der Avoort HG: Continued
seasonal circulation of enterovirus D68 in the Netherlands, 2011-
2014. Euro Surveill 2014:19.

13. Khan F: Enterovirus D68: acute respiratory illness and the 2014 out-
break. Emerg Med Clin North Am 2015, 33:e19-e32.

14. Solomon T, Lewthwaite P, Perera D, Cardosa MJ, McMinn P. Ooi MH:
Virology, epidemiology, pathogenesis, and control of enterovirus 71.
Lancet Infect Dis 2010, 10:778-790.

15. Chang LY, Chang IS, Chen WJ, Huang YC, Chen GW, Shih SR, Juang JL,
Shih HM, Hsiung CA, Lin TY et al.: HLA-A33 is associated with suscep-
tibility to enterovirus 71 infection. Pediatrics 2008, 122:1271-1276.

16. Eringsmark Regnell S, Lernmark A: The environment and the ori-
gins of islet autoimmunity and Type 1 diabetes. Diabet Med 2013,
30:155-160.

17. Fairweather D, Kaya Z, Shellam GR, Lawson CM, Rose NR: From infec-
tion to autoimmunity. J Autoimmun 2001, 16:175-186.

18. Abston ED, Coronado MJ, Bucek A, Bedja D, Shin J, Kim JB, Kim E, Ga-
brielson KL, Georgakopoulos D, Mitzner W et al.: Th2 regulation of
viral myocarditis in mice: different roles for TLR3 versus TRIF in pro-
gression to chronic disease. Clin Dev Immunol 2012, 2012:129486.

19. Olson JK, Ercolini AM, Miller SD: A virus-induced molecular mim-
icry model of multiple sclerosis. Curr Top Microbiol Immunol 2005,
296:39-53.

20. Tsunoda |, Fujinami R: Two models for multiple sclerosis: experimen-
tal allergic encephalomyelitis and Theiler’s murine encephalomyeli-
tis virus. J Neuropathol Exp Neurol 1996, 55:673-686.

21. Getts DR, Chastain EM, Terry RL, Miller SD: Virus infection, antivi-
ral immunity, and autoimmunity. /mmunol Rev 2013, 255:197-209.

22. Wang JP, Cerny A, Asher DR, Kurt-Jones EA, Bronson RT, Finberg RW:
MDA?S and MAVS mediate type | interferon responses to coxsackie
B virus. J Virol 2010, 84:254-260.

23. Buskiewicz IA, Koenig A, Huber SA, Budd RC: Caspase-8 and FLIP reg-
ulate RIG-I/MDA5-induced innate immune host responses to picor-
naviruses. Future Virol 2012, 7:1221-1236.

24. Yajima T, Knowlton KU: Viral myocarditis: from the perspective of the
virus. Circulation 2009, 119:2615-2624.

25. Funabiki M, Kato H, Miyachi Y, Toki H, Motegi H, Inoue M, Minowa
O, Yoshida A, Deguchi K, Sato H et al.: Autoimmune disorders as-



AUTOIMMUNITY IN PICORNAVIRUS INFECTIONS

13

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42

43

44

sociated with gain of function of the intracellular sensor MDA5. Im-

munity 2014, 40:199-212.

Sozzani S, Bosisio D, Scarsi M, Tincani A: Type | interferons in systemic

autoimmunity. Autoimmunity 2010, 43:196-203.

* Crampton SP, Deane JA, Feigenbaum L, Bolland S: Ifih1 gene dose

effect reveals MDA5-mediated chronic type | IFN gene signature,

viral resistance, and accelerated autoimmunity. J Immunol 2012,

188:1451-1459. MDAS activation can stimulate type 1 interferons
promoting autoimmunity.

* Rice Gl, Del Toro Duany Y, Jenkinson EM, Forte GM, Anderson BH,

Ariaudo G, Bader-Meunier B, Baildam EM, Battini R, Beresford MW

et al.: Gain-of-function mutations in IFIH1 cause a spectrum of hu-

man disease phenotypes associated with upregulated type | inter-
feron signaling. Nat Genet 2014, 46:503-509. MDAS activation can
stimulate type 1 interferons promoting autoimmunity.

Baj A, Colombo M, Headley JL, McFarlane JR, Liethof MA, Toniolo A:

Post-poliomyelitis syndrome as a possible viral disease. Int J Infect
Dis 2015, 35:107-116.

Chapman NM, Kim KS: Persistent coxsackievirus infection: enterovi-
rus persistence in chronic myocarditis and dilated cardiomyopathy.
Curr Top Microbiol Immunol 2008, 323:275-292.

Klein J: Understanding the molecular epidemiology of foot-and-
mouth-disease virus. Infect Genet Evol 2009, 9:153-161.

Fairweather D, Frisancho-Kiss S, Rose NR: Viruses as adjuvants for au-

toimmunity: evidence from Coxsackievirus-induced myocarditis. Rev

Med Virol 2005, 15:17-27.

Zhao W, Ji F, Yu S, Li Z, Deng H: Dilated cardiomyopathy and hypo-

thyroidism associated with pegylated interferon and ribavirin treat-

ment for chronic hepatitis C: case report and literature review. Braz

J Infect Dis 2014, 18:110-113.

Rauw J, Ahmed S, Petrella T: Pericardial effusion and tamponade fol-

lowing interferon alpha treatment for locally advanced melanoma.

Med Oncol 2012, 29:1304-1307.

Popescu C, Arama V, Gliga S: Acute pericarditis due to pegylated in-

terferon alpha therapy for chronic HCV hepatitis — case report. BMC

Gastroenterol 2011, 11:30.

Teragawa H, Hondo T, Amano H, Watanabe H, Ohe H, Hattori N,
Watanabe Y, Hino F, Ohbayashi M: Cardiogenic shock following re-
combinant alpha-2b interferon therapy for chronic hepatitis C. A
case report. Jpn Heart J 1996, 37:137-142.

Teragawa H, Hondo T, Amano H, Hino F, Ohbayashi M: Adverse ef-
fects of interferon on the cardiovascular system in patients with
chronic hepatitis C. Jpn Heart J 1996, 37:905-915.

Sonnenblick M, Rosin A: Cardiotoxicity of interferon. A review of 44
cases. Chest 1991, 99:557-561.

Fujinami RS, Oldstone MB: Amino acid homology between the en-
cephalitogenic site of myelin basic protein and virus: mechanism for
autoimmunity. Science 1985, 230:1043-1045.

Cunningham MW: T cell mimicry in inflammatory heart disease. Mol
Immunol 2004, 40:1121-1127.

Cunningham MW: Rheumatic fever, autoimmunity, and molecu-
lar mimicry: the streptococcal connection. Int Rev Immunol 2014,
33:314-329.

. Gohda J, Matsumura T, Inoue J: Cutting edge: TNFR-associated factor
(TRAF) 6 is essential for MyD88-dependent pathway but not toll/IL-1
receptor domain-containing adaptor-inducing IFN-beta (TRIF)-de-
pendent pathway in TLR signaling. J Immunol 2004, 173:2913-2917.

. Liao L, Sindhwani R, Rojkind M, Factor S, Leinwand L, Diamond B: An-
tibody-mediated autoimmune myocarditis depends on genetically
determined target organ sensitivity. J Exp Med 1995, 187:1123-1131.

. Neu N, Beisel K, Traystman M, Rose N, Craig S: Autoantibodies spe-

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

cific for the cardiac myosin isoform are found in mice suscepti-
ble to coxsackie virus B3-induced myocarditis. J/ Immunol 1987,
138:2488-2492.

Cunningham M, Antone S, Gulizia J, McManus M, Fishchetti V, Gauntt
C: Cytotoxic and viral neutralizing antibodies cross react with strep-
tococcal M protein, enteroviruses, and human cardiac myosin. Proc
Natl Acad Sci U S A 1992, 89:1320.

Gangaplara A, Massilamany C, Brown DM, Delhon G, Pattnaik AK,
Chapman N, Rose N, Steffen D, Reddy J: Coxsackievirus B3 infec-
tion leads to the generation of cardiac myosin heavy chain-alpha-
reactive CD4 T cells in A/J mice. Clin Immunol 2012, 144:237-249.

Huber S, Cunningham M: Streptococcal M protein peptide with sim-
ilarity to myosin induces CD4+ T cell dependent myocarditis in
MRL/++ mice and induces partial tolerance against coxsackieviral
myocarditis. J Immunol 1996, 156:3528-3534.

Coppieters KT, Wiberg A, Tracy SM, von Herrath MG: Immunology
in the clinic review series: focus on type 1 diabetes and viruses: the
role of viruses in type 1 diabetes: a difficult dilemma. Clin Exp Im-
munol 2012, 168:5-11.

Atkinson MA, Bowman MA, Campbell L, Darrow BL, Kaufman DL, Ma-
claren NK: Cellular immunity to a determinant common to glutamate
decarboxylase and coxsackie virus in insulin-dependent diabetes. J
Clin Invest 1994, 94:2125-2129.

Schloot NC, Willemen SJ, Duinkerken G, Drijfhout JW, de Vries RR,
Roep BO: Molecular mimicry in type 1 diabetes mellitus revisited:
T-cell clones to GAD65 peptides with sequence homology to Cox-
sackie or proinsulin peptides do not cross-react with homologous
counterpart. Hum Immunol 2001, 62:299-309.

Horwitz MS, Bradley LM, Harbertson J, Krahl T, Lee J, Sarvetnick N: Di-
abetes induced by Coxsackie virus: initiation by bystander damage
and not molecular mimicry. Nat Med 1998, 4:781-785.

von Herrath MG, Allison J, Miller JF, Oldstone MB: Focal expression of

interleukin-2 does not break unresponsiveness to “self” (viral) anti-
gen expressed in beta cells but enhances development of autoim-
mune disease (diabetes) after initiation of an anti-self immune re-
sponse. J Clin Invest 1995, 95:477-485.

Holz A, Brett K, Oldstone MB: Constitutive beta cell expression of IL-
12 does not perturb self-tolerance but intensifies established auto-
immune diabetes. J Clin Invest 2001, 108:1749-1758.

Horwitz MS, llic A, Fine C, Rodriguez E, Sarvetnick N: Presented an-
tigen from damaged pancreatic beta cells activates autoreactive T
cells in virus-mediated autoimmune diabetes. J Clin Invest 2002,
109:79-87.

Wucherpfennig K, Strominger J: Molecular mimicry in T cell-medi-
ated autoimmunity: viral peptides activate human T cell clones spe-
cific for myelin basic protein. Cell 1995, 80:695-705.

Woucherpfennig KW, Sette A, Southwood S, Oseroff C, Matsui M, Stro-
minger JL, Hafler DA: Structural requirements for binding of an im-
munodominant myelin basic protein peptide to DR2 isotypes and for
its recognition by human T cell clones. J Exp Med 1994, 179:279-290.

Evavold BD, Sloan-Lancaster J, Wilson KJ, Rothbard JB, Allen PM: Spe-
cific T cell recognition of minimally homologous peptides: evidence
for multiple endogenous ligands. Immunity 1995, 2:655-663.

von Herrath MG, Fujinami RS, Whitton JL: Microorganisms and au-
toimmunity: making the barren field fertile? Nat Rev Microbiol 2003,
1:151-157.

Kanwar JR, Kanwar RK, Wang D, Krissansen GW: Prevention of a
chronic progressive form of experimental autoimmune encepha-
lomyelitis by an antibody against mucosal address in cell adhesion
molecule-1, given early in the course of disease progression. Immu-
nol Cell Biol 2000, 78:641-645.



14

MASSILAMANY

ET AL. IN CURRENT OPINION IN VIROLOGY 16 (2016)

60.

6

ity

62.

63.

64.

65.

66.

67.

Massilamany C, Gangaplara A, Steffen D, Reddy J: Identification of
novel mimicry epitopes for cardiac myosin heavy chain-alpha that
induce autoimmune myocarditis in A/J mice. Cell Immunol 2011,
271:438-449.

. Cusick MF, Libbey JE, Fujinami RS: Molecular mimicry as a mechanism

of autoimmune disease. Clin Rev Allergy Immunol 2012, 42:102-111.

Padovan E, Casorati G, Dellabona P, Meyer S, Brockhaus M, Lanzavec-
chia A: Expression of two T cell receptor alpha chains: dual receptor
T cells. Science 1993, 262:422-424.

Corthay A, Nandakumar KS, Holmdahl R: Evaluation of the percent-
age of peripheral T cells with two different T cell receptor alpha-
chains and of their potential role in autoimmunity. J Autoimmun
2001, 16:423-429.

Davodeau F, Peyrat MA, Romagne F, Necker A, Hallet MM, Vie H,
Bonneville M: Dual T cell receptor beta chain expression on human
T lymphocytes. J Exp Med 1995, 181:1391-1398.

Padovan E, Giachino C, Cella M, Valitutti S, Acuto O, Lanzavecchia A:
Normal T lymphocytes can express two different T cell receptor beta
chains: implications for the mechanism of allelic exclusion. J Exp Med
1995, 181:1587-1591.

** Auger JL, Haasken S, Steinert EM, Binstadt BA: Incomplete TCR-
beta allelic exclusion accelerates spontaneous autoimmune arthri-
tis in K/BxN TCR transgenic mice. Eur J Immunol 2012, 42:2354-
2362. This report demonstrates that transgenic mice made with T
cells having dual T cell receptors can escape central tolerance and
develop autoimmunity.

Libbey JE, Cusick MF, Tsunoda |, Fujinami RS: Antiviral CD8(+) T cells
cause an experimental autoimmune encephalomyelitis-like disease
in naive mice. J Neurovirol 2012, 18:45-54.

68.

69.

70.

7

_

72.

73.

74.

Ruiz PJ, Garren H, Hirschberg DL, Langer-Gould AM, Levite M, Karpuj
MV, Southwood S, Sette A, Conlon P, Steinman L: Microbial epitopes
act as altered peptide ligands to prevent experimental autoimmune
encephalomyelitis. J Exp Med 1999, 189:1275-1284.

Gangaplara A, Massilamany C, Steffen D, Reddy J: Mimicry epitope
from Ehrlichia canis for interphotoreceptor retinoid-binding protein
201-216 prevents autoimmune uveoretinitis by acting as altered
peptide ligand. J Neuroimmunol 2013, 263:98-107.

** Massilamany C, Gangaplara A, Reddy J: Environmental microbes
and uveitis: is microbial exposure always bad? Scand J Immunol
2015, 81:469-475. This review discusses situations in which anti-
genic mimicry between self antigens and microbes might be ben-
eficial to the host.

. Miescher SM, Horn MP, Pachlopnik JM, Baldi L, Vogel M, Stadler BM:

Natural anti-FcepsilonRlalpha autoantibodies isolated from healthy
donors and chronic idiopathic urticaria patients reveal a restricted
repertoire and autoreactivity on human basophils. Hum Antibodies
2001, 10:119-126.

Alirezaei M, Fox HS, Flynn CT, Moore CS, Hebb AL, Frausto RF, Bhan
V, Kiosses WB, Whitton JL, Robertson GS et al.: Elevated ATG5 ex-
pression in autoimmune demyelination and multiple sclerosis. Au-
tophagy 2009, 5:152-158.

Gladkova ND, Vostokova AA, Zvereva KV, Sibiriakova LG, Pevnitskii LA:
[The HLA system and Coxsackie B viral myocarditis in adults]. Kar-
diologiia 1986, 26:24-28.

Rose N, Neumann D, Herskowitz A: Genetics of susceptibility to vi-
ral myocarditis in mice. Pathol Immunopathol Res 1988, 7:266-278.



	University of Nebraska - Lincoln
	DigitalCommons@University of Nebraska - Lincoln
	2016

	Autoimmunity in picornavirus infections
	Chandirasegara Massilamany
	Andreas Koenig
	Jay Reddy
	Sally Huber
	Iwona Buskiewicz

	tmp.1454517466.pdf.Yy1Dg

