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Rotavirus, a major etiological agent of acute diarrhea in children worldwide, has historically been linked
to autoimmunity. In the last few years, several physiopathological approaches have been proposed to
explain the leading mechanism triggering autoimmunity, from the old concept of molecular mimicry to
the emerging theory of bystander activation and break of tolerance. Epidemiological and immunological
data indicate a strong link between rotavirus infection and two of the autoimmune pathologies with the
highest incidence: celiac disease and diabetes. The role for current oral rotavirus vaccines is now being
elucidated, with a so far positive protective association demonstrated.

© 2020 The Author(s). Published by Elsevier Ltd on behalf of The British Infection Association.
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Introduction

Rotavirus is the leading cause of acute gastroenteritis in infants
and young children worldwide.! It is a major cause of mortality
in low-income countries and a significant cause of morbidity
in developed countries.? Rotavirus genus is constituted by nine
species (from A to I), however only rotavirus A cause more than
90% of rotavirus infections in humans?

The rotavirus genome is formed by 11 dsRNA segments that
codes for six structural and six nonstructural proteins.* Struc-
tural proteins form the rotavirus particle and are called based
on their molecular weight as VP1, VP2, VP3, VP4, VP6 and VP7.
In addition, nonstructural proteins are only produced during cell
infection and are called NSP1, NSP2, NSP3, NSP4, NSP5 and NSP6.
Rotavirus structure and location and function of viral proteins are
summarized in Fig. 1.

Rotavirus infects intestinal cells and cause gastroenteritis; how-
ever, infection is not limited to the intestinal mucosa, and systemic
viral dissemination has been widely demonstrated.”-8 Thus, recent
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studies have described how rotavirus infection can affect a wide
spectrum of targets including the nervous system, liver, pancreas,
etc.; the term “gastroenteritis by rotavirus” is therefore giving way
to a broader concept of “disease by rotavirus”.”

Traditionally, the main extraintestinal manifestations linked
to rotavirus infection have been neurological, namely, the devel-
opment of convulsions. However, during recent years, rotavirus
has also been proposed as a viral trigger for the development
of autoimmune diseases, such as celiac disease (CD) and type-1-
diabetes (T1D).? The concept of a viral trigger for the development
of autoimmune diseases is not new, since behind almost all
autoimmune processes underlies an infectious pathogen, viral or
bacterial. Several mechanistic explanations have been proposed.
The present review aims at revisiting all existing theories linking
rotavirus infection with autoimmune processes.

In addition, two rotavirus vaccines were licensed in 2006 for
the pediatric population worldwide. One monovalent vaccine (Ro-
tarix® manufactured by Glaxosmithkline SL) and one pentavalent
vaccine (RotaTeq® manufactured by Merck and Co Inc). Both
vaccines have demonstrated a great impact on rotavirus infection
burden, showing a marked reduction on diarrhea hospitalization
rates after their introduction;!%-13 the impact of these vaccines
on the extraintestinal manifestations and the development of
autoimmune diseases is the subject of ongoing research”

0163-4453/© 2020 The Author(s). Published by Elsevier Ltd on behalf of The British Infection Association. This is an open access article under the CC BY-NC-ND license.
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Fig. 1. Diagram showing rotavirus structure, proteins location and functions
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Rotavirus particle consist of 11 unique double helix molecules of RNA (dsRNA) surrounded by a non-enveloped three-layered protein capsid (inner, intermediate and outer).
Six structural viral proteins (VPs) form the virus particle (VP1-VP7); in addition to this VPs, there are six nonstructural proteins (NSPs) only produced during cell infection

(NSP1-NSP6).

Epidemiology of rotavirus gastroenteritis

Rotavirus infects almost every child globally by 3-5 years of
age.' In 2016, more than 258 million cases of rotavirus infection
were reported in children < 5 years globally, with an incidence
of 0.42 cases per child-year. It was responsible for an estimated
128,500 deaths throughout the world, the 29.3% representing di-
arrheal deaths among children younger than 5 years."” Rotavirus
is highly contagious among children and repeated infections with
different viral strain are possible with several episodes of gas-
troenteritis in the first year of life. The incubation period lasts
approximately two days and infection can last for 10 days. Infec-
tion may be asymptomatic, may cause self-limited watery diarrhea,
or may result in severe dehydrating diarrhea with vomiting, fever
and abdominal pain. Rotavirus is transmitted by fecal-oral con-
tact and by contaminated surfaces and hands, and also respiratory
spread.'®

Rotavirus affects populations in all socioeconomic groups and
is equally prevalent in industrialized and developing countries;
however, due to limited access to health care, lack of hydration
therapy and greater prevalence of comorbidities, >90% mortality
occurs in low-income countries.!” Rotavirus infection typically
occur during the winter months of the year in temperate regions,
while year-round patterns are common in the warmer tropical
regions.'® However, infection can occur anytime of the year.

Viral trigger for autoimmune diseases

Autoimmune processes are produced by alterations in the
normal immune homeostasis. Tolerance is a fundamental prop-
erty of the immune system and involves the self vs. non-self-
discrimination and the ability to recognize and respond only to
foreign antigens.'® Autoimmunity is produced when this toler-
ance to self-antigens is lost: host immune system considers an
innocuous self-component as a potential threat and initiates an
auto-aggression.

Multiple factors are thought to contribute to the autoimmune
response, including genetics, immune regulation, age and environ-
ment.?0 Sex is also an influencing factor, supported by the obser-
vation of the striking female predominance for most of autoim-
mune diseases.?! Sex bias might be originated by differential sex
hormones, fetal microchimerism or skewed X chromosome inac-
tivation.?2 Infectious pathogens including viruses and bacteria are
considered the main environmental triggers,2>~2> while changes in
the intestinal virome precede the development of autoimmunity.26
Four mechanisms have been proposed to explain how pathogen in-
fection can lead to autoimmunity: molecular mimicry, bystander
activation, epitope spreading, and cryptic antigens.

According to the theory of molecular mimicry,?’ some compo-
nents in the pathogen structure or in the aminoacidic composition
may be similar to those of the host. In these cases, immune cells
are initially activated in response to the pathogen during infection
but later, by a mechanism of cross-reactivity, they recognize the
self-components as a potential threat and generate an autoimmune
response.

Instead, the bystander activation model?® propose that the in-
flammatory environment produced during infection causes a loss
of self-tolerance and a non-specific activation of autoimmune cells.

According to the model of epitope spreading,?? an immune re-
sponse to a chronic infection can cause damage to self-tissue and
release self-antigens to the medium. Phagocytic cells under an in-
flammatory environment capture these antigens and this can initi-
ate a self-immune response.

Lastly, infection can lead to autoimmunity through the presen-
tation of cryptic antigens.>® Under normal conditions, these anti-
gens are not exposed to the immune system. However, an inflam-
matory reaction increases the action of proteases and may lead to
a differential processing and presentation of self-antigens that in-
duces an autoimmune response.

Overall, autoimmune diseases are mainly multifactorial pro-
cesses where genetics, immune regulation and environmental fac-
tors such as viral infections are key players. Determine the burden
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Fig. 2. Mechanisms proposed for rotavirus-triggered autoimmunity

After rotavirus infection, activated immune cells (Th1) migrate to the infected organ and can trigger autoimmunity through these proposed mechanisms:

(A) The Molecular Mimicry model describes the activation of cross-reactive Th1 cells that recognize both the rotavirus peptide and the self-peptide: (a) activation of the
cross-reactive Th1 cells results in the release of cytokines and chemokines, (b) which recruit and activate cytotoxic T cells (CTL), in turn mediating self-tissue damage; (c)
the subsequent release of self-tissue antigens activates APCs and (d) perpetuates the autoimmune process.

(B) The Bystander Activation model involves the nonspecific activation of self-reactive Th1 cells. (a) and (b) activation of rotavirus-specific Th1 cells leads to inflammation,
and (c) results in the increased infiltration of cytotoxic T cells (CTL), (d) which mediates self-tissue destruction and (e) liberation of self-antigen, and (f) the activation of
self-reactive Th1 cells by a TCR-dependent mechanism; (g) self-reactive T cells activated in this manner mediate self-tissue damage and perpetuate the autoimmune response.

of each of these components is complex and varies according to
the autoimmune disease.

Rotavirus infection as trigger for autoimmune processes

Two mechanisms have been proposed specifically for rotavirus
infection to trigger autoimmunity: molecular mimicry and by-
stander activation (Fig. 2).

Rotavirus was proposed for the first time 20 years ago as a
potential environmental agent in T1D.>! The mechanism proposed
was molecular mimicry of human rotavirus capsid antigen VP7
with the auto-antigen tyrosine phosphatase IA-2 (islet cell antigen
512), i.e. the molecular target of pancreatic islet autoimmunity in
T1D. Authors showed that the dominant epitope (805 aminoacids)
from the intracytoplasmic domain of IA-2 antigen shared 56%
identity with a sequence in rotavirus VP7.3! In the same study,
other viruses could not be discarded as responsible for the au-
toimmunity response, because the authors also found homology
of IA-2 antigen with peptides from herpes, rhino, hanta and
flaviviruses. The role for VP7 in the acceleration of diabetes was
also demonstrated in non-obese diabetic (NOD) mice infected with
Rhesus monkey rotavirus (RVV).>2 Molecular mimicry was also the
proposed mechanism to explain the link between rotavirus infec-
tion and other autoimmune processes such as celiac disease,>?:34
autoimmune uveitis>> and murine biliary atresia®® (Table 1).

Recently, bystander activation and the loss of oral tolerance
have been proposed as the mechanisms through which infection
by reovirus (the virus family to which rotavirus belongs) triggers

Table 1
Molecular mimicry antigens proposed to induce autoimmunity by rotavirus
infection.

Rotavirus protein  Auto-antigen Pathology References
VP7 1A-2 T1D 27,31,49
VP7 GADG65 T1D 49

VP7 Transglutaminase Celiac Disease 33.34

VP4 Retinal S-antigen Uveitis 35

VP6 Desmoglein-3 Pemphigus vulgaris 74

VP6 Ryanodine receptor ~ Myasthenia gravis 75

VP4 a-enolase Biliary atresia 7

the development of celiac disease in genetically predisposed chil-
dren.?”-38 Intestinal reovirus infection alters the immune response
to dietary antigens such as gluten by switching the normal tolero-
genic status of intestinal dendritic cells to an inflammatory status
that abrogates antigen-specific regulatory T cell responses. Type 1
interferons induced during intestinal reovirus infection were iden-
tified as critical nodes in the network of celiac disease susceptibil-
ity genes, and the ability to induce high levels of type 1 interferon
determines the strains of reovirus associated to the break of toler-
ance.>® Previously, this theory of bystander activation mediated by
type 1 interferon has been shown to explain the lymphocyte acti-
vation observed following rotavirus infection in NOD mice.?*-4! In
support to this theory is the coincidence in time of rotavirus infec-
tion and the maturation of intestinal immunity in response to solid
foods.3’ Early childhood is also the time of life when children are
most susceptible to develop celiac disease.
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Celiac disease

In 2006, a prospective study carried out in a cohort of USA chil-
dren genetically susceptible to develop celiac disease, showed that
the risk of celiac disease was proportional to the incidence of ro-
tavirus infections.*? This was the first reported epidemiologic link
between rotavirus infection and celiac disease development.

Almost simultaneously, an Italian study in sera from sixty pa-
tients suffering active celiac disease showed that a subset of
anti-transglutaminase IgA antibodies recognized the rotavirus pro-
tein VP7, suggesting a molecular mimicry mechanism to explain
the link between rotavirus infection and celiac disease.>> These
auto-antibodies were shown to be functionally active and to
have the ability to induce monocyte activation through engage-
ment of toll-like receptor-4 (TLR-4). Moreover, these anti-rotavirus
VP7 antibodies were suggested to predict the onset of disease
in children previously affected by T1D, preceding the detection
of anti-transglutaminase and anti-endomysium antibodies.>* How-
ever, these findings were not corroborated in another study per-
formed in a larger cohort, where it was showed that children with
diagnosed celiac disease did not have higher immune reactivity to
rotavirus compared to a control group.*> The molecular mimicry
theory to explain the potential trigger effect of rotavirus in celiac
disease was questioned, suggesting instead a non-specific response
against rotavirus VP7 protein in celiac patients.

Recently, another theory has been proposed, implicating ro-
tavirus as the cause for the oral tolerance breaks in children with
celiac disease through a bystander activation effect.?”-38

The link between rotavirus and celiac disease has recently been
extended to the non-celiac gluten sensitivity (NCGS) pathology.**
This new emerging entity where celiac-specific diagnostic biomark-
ers are absent, has clinical gastrointestinal and extraintestinal man-
ifestations linked to gluten intake. NCGS is also considered to have
an autoimmune origin, and a potential involvement of rotavirus in-
fection in their pathogenesis has also been proposed.

Type 1 diabetes

Rotavirus along with other viruses (e.g. enterovirus) have been
historically considered as one of the environmental factors trigger-
ing diabetes disease.>!*>~*7 Similar to celiac disease, a model of
molecular mimicry was initially proposed in the Australian Baby-
Diab study,*® where a specific association between rotavirus se-
roconversion and the increase of T1D associated auto-antibodies
(GAD, IA-2 and insulin) was found. Rotavirus infection was then
proposed as a trigger for the development of pancreatic islet au-
toimmunity in genetically susceptible children. A later study re-
inforced the theory of molecular mimicry between the rotavirus
protein VP7 and IA2 and GADG65 peptides, demonstrating how the
same epitope sequences in these peptides bind to HLA molecules
associated with T1D (HLA-DRB1*04) and have the ability to elicit T
cell proliferative responses.*?

However, a 2-year follow-up of a cohort of children geneti-
cally predisposed to diabetes in Finland showed that there was no
relationship between rotavirus infection and the development of
diabetes-associated auto-antibodies,”® demonstrating instead the
high prevalence of rotavirus antibodies in the population.

Later, in another long follow-up study, enteral infections (in-
cluding enterovirus, rotavirus and adenovirus) were associated
with an enhanced immune response to dietary insulin (e.g. ovine
insulin in cow milk).”! These data suggested a role for enteral in-
fections in the development of beta-cell specific autoimmunity and
T1D. These observations were also corroborated in an independent
study of a large cohort of 1729 children, the Diabetes Autoimmu-
nity Study in the Young (DAISY), where researchers showed that
early childhood enteral infections may increase the risk of islet au-

toimmunity in the presence of existing inflammation induced by
diet.>

The demonstration that rotavirus infection can exacerbate T1D
was proposed in NOD mice with lymphocytic islet infiltration (in-
sulitis).”® These findings suggested a mechanism of epitope spread-
ing increasing the exposure of beta cells to immune recognition
and activation of autoreactive T cells by inflammatory cytokines.
Evidence for direct pancreatic rotavirus infection was shown in
mice, demonstrating the pathogenic effects of rotavirus on the
pancreas in vivo, eliciting transient pancreatic involution and hy-
perglycemia.>*

Recently, a component of the innate immune response to vi-
ral infection, the melanoma differentiation-associated protein 5
(MDA5), was linked specifically to cell death and inflammation in
the pancreas of rotavirus-infected mice.>> Activation of MDA5 lim-
its rotavirus infection through the induction of antiviral interfer-
ons and pro-inflammatory cytokines, but it also facilitates the pro-
gression to autoimmune destruction of pancreatic beta-cells. Previ-
ously, polymorphisms on IFIH1, the gene that codes for MDA5, had
been found to be associated with the risk of developing T1D.>6-58
Together, these findings support the theory of rotavirus infection as
viral trigger for islet autoimmunity, providing data on the mecha-
nism implicated but also indicating a key role for the genetic back-
ground of individuals.

Autoimmune uveitis

Autoimmune uveitis (AU) is an inflammatory process of the
vascular organ of the eye due to an autoimmune reaction to
self-antigens, and it is considered one of the main causes of
preventable blindness around the world.”® Several retinal auto-
antigens have been characterized, such as interphotoreceptor
retinoid-binding protein (IRBP) and S-antigen (S-Ag).°C These anti-
gens are under normal condition sequestered in the retinal com-
partment and are invisible to the immune system. Recently, it was
demonstrated that immunity to retinal antigens might occur in
the gastrointestinal tract where bacterial antigens activated T-cells,
which are cross-reactive with retinal antigens.®!

Antigenic mimicry of peptide VP4 from rotavirus, alpha-casein
from bovine milk and the retinal S-antigen has been described
in an experimental autoimmune uveitis rat model.>>:52 According
to this theory, rotavirus gastrointestinal infection would induce a
breakdown in the oral tolerance to casein from diet and might be
able to initiate uveitis in humans. Activated lymphocytes, with the
ability to cross the blood-retina barrier, will enter the eye and thus
trigger the pathogenic process.

The proposal of milk proteins as key components of the devel-
opment of autoimmunity is not new.5>-65 Gastrointestinal infec-
tion would promote an inflammatory response that could trigger
a breakdown of oral tolerance to ingested milk antigens, which
mimics with several auto-antigens and develops a cross-reactive
pathogenic immune response.

Biliary atresia

Biliary atresia (BA) is a neonatal cholangiopathy of unknown
etiology in which one or more bile ducts are blocked.?® It is a
devastating disease that leads to cirrhosis and the need for liver
transplantation in the majority of children.®” One possible etiolog-
ical theory is the autoimmune origin involving a hepatobiliary vi-
ral infection and a subsequently autoimmune-mediated bile duct
injury.%8

A study has proposed rotavirus infection as an initiator in
the pathogenesis of experimental BA through the induction of in-
creased nuclear factor-kappa B and abnormal activation of the os-
teopontin inflammation pathway.®® Rotavirus nonstructural protein
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4 (NSP4) has a pathogenic role as silencing of this gene decreased
hepatic injury in animal experiments.”°

Furthermore, antibodies against «-enolase, a liver enzyme, were
found in a mouse model of BA infected with Rhesus rotavirus
(RRV) and also in serum samples from patients. Regions of se-
quence homology between RRV proteins and «-enolase were iden-
tified, suggesting that molecular mimicry might activate autoim-
munity in BA patients.”! Adoptive transfer of regulatory T cells
(Tregs) in a RRV-infected model of BA was shown to reverse the
process and increase survival, suggesting that rotavirus infection
might produce dysregulation of Tregs and trigger autoimmunity in
murine BA.7273

Other autoimmune diseases

Rotavirus infection has also been linked to other autoimmune
diseases through a mechanism of molecular mimicry between
rotavirus peptides and auto-antigens. Desmoglein-3 (Dsg3), an
auto-antigen described for pemphigus vulgaris (a rare chronic
blistering skin disease) has been shown to be cross-reactive with
rotavirus peptide VP6.”* Furthermore, a in silico study of poten-
tial autoimmune threats derived from rotavirus infection using
a bioinformatic approach, showed molecular mimicry between
rotavirus protein VP6 and the ryanodine receptor, an autoimmune
target associated with myasthenia gravis.””

Impact of current RV-vaccines on the development of
autoimmune diseases

Evidence of the impact of both RV-vaccines on the gastroin-
testinal disease burden has been reported worldwide since they
were licensed.”5:77 Moreover, an impact on childhood seizures was
demonstrated by several authors,?-”8-83 showing a vaccine impact
beyond the gastro-intestinal disease.

Based on the evidence of the role of rotavirus infection on
development of autoimmune diseases, it was hypothesized that
vaccination could prevent rotavirus disease and, hence, the de-
velopment of autoimmunity. However, the potential molecular
mimicry effect of rotavirus vaccines similar to those shown in
rotavirus infection is yet to be elucidated. Both existing vac-
cines are live-attenuated; therefore, the same peptides existing
in the natural infection are also present in vaccines. Under the
hypothesis of molecular mimicry, if rotavirus infection can trigger
autoimmune processes, oral vaccination might also cause the
same effect. Nevertheless, the absence of an exacerbated intestinal
inflammatory component in rotavirus vaccination could avoid the
trigger effect elicited by natural infection.

Vaarala et al®* carried out a nationwide population-based
cohort study after the introduction of systematic rotavirus vaccina-
tion in Finland; these authors indicated that rotavirus vaccination
was safe in individuals at risk of CD and T1D. They also showed
that relative risks for development of T1D and CD were respec-
tively 0.91 and 0.87 when comparing vaccinated to unvaccinated
children. These results indicated that oral rotavirus vaccination
does not alter the risk of development of autoimmune diseases
during 4-6 years of follow-up after vaccination.

At the same time, a 4-year follow-up study also performed in
Finland, showed that rotavirus vaccination, together with other
factors such as breastfeeding and diet gluten consumption, can
modify the risk of celiac disease autoimmunity in children with
genetic susceptibility to this autoimmune disorder.®> Authors

showed that risk of CD autoimmunity was reduced in children
vaccinated against rotavirus and introduced to gluten before the
age of 6 months in a hazard ratio of 0.57. This was the first posi-
tive impact finding of rotavirus vaccination on the development of
an autoimmune disease.

Very recently, these data were corroborated in an independent
study performed also in a Finnish cohort with a period of 11-14
years of follow-up after vaccination.8¢ This research showed that
the prevalence of CD was higher in non-vaccinated than in vacci-
nated children (1.11% vs. 0.6%, respectively).

A protective association was also reported recently in T1D. An
interrupted time-series analysis performed in Australian children
comparing 8 years before and after vaccine introduction reported
a decrease of T1D cases by 14% in children aged 0-4 years after the
introduction of oral RV vaccine, without evidence for change over
time in intervention patterns.®’ In the same direction, a recent co-
hort study developed in USA concluded that rotavirus vaccination
was associated to a 33% reduction in the risk of T1D.%% Further-
more, according these data authors suggested that the pentavalent
vaccine was more likely to reduce the risk than the monovalent
vaccine.

Further investigations, especially on mechanistic studies, are re-
quired in this field but evidence for the potential role of rotavirus
vaccination in the prevention of autoimmunity seems to be suf-
ficient to encourage the recommendation of rotavirus vaccine to
children genetically predisposed to CD and T1D.

Future perspectives

Our understanding of rotavirus infection has substantially
changed in recent years. Beyond the traditional assumption of ro-
tavirus as diarrhea only, rotavirus infection is nowadays considered
from a systemic perspective. The traditional epidemiological con-
cept of rotavirus as an environmental trigger for autoimmunity is
being re-examined, and several mechanistic approaches are now
being proposed. In addition, signaling pathways activated during
rotavirus infection and their implications in the autoimmune pro-
cesses are being elucidated, while it is expected that a better un-
derstanding of mechanisms involved in autoimmunity triggering
will be helpful to design new therapeutic approaches and public
health programs.

The role of current rotavirus vaccines on these important clini-
cal spectra is an active research area. The possibility of preventing
celiac and diabetes autoimmunity through oral rotavirus vaccina-
tion is exciting. While we await further confirmation, the weight
of current evidence is enough to recommend rotavirus vaccination
to all children, especially those with family history of autoimmune
disease and specially those genetically predisposed. New emerging
vaccines, currently in development, will need to be tested on this
unforeseen effect.
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