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Introduction

Celiac disease (CD) is an autoimmune enteropathy that occurs in genetically susceptible indi-
viduals exposed to dietary gluten. CD occurs in approximately 1 in 133 persons in the United
States [1], although most are undiagnosed. Young children with CD present with diarrhea and
malabsorption, but CD is also associated with extraintestinal autoimmune disorders, infertil-
ity, miscarriages, and cancer [2]. Ingestion of gluten is the most important environmental fac-
tor that correlates with CD [3]. Accordingly, current treatment strategies are centered on
maintaining a gluten-free diet, which is challenging for many with CD [4]. Because of the
increasing prevalence of CD [5] and the consequences of misdiagnosis, it is essential to better
understand CD pathogenesis.

Viruses and CD

Although 30-45% of the United States population has the CD risk alleles (HLA haplotypes
DQ2 and DQ8), only 1% of the population develops the disease [1]. Therefore, unidentified
triggers of CD must exist to cause the initial insult that breaks oral tolerance to gluten and
establishes lasting pathogenic immune memory.

There are several clues that implicate infectious agents, particularly viruses, as triggers of
CD. Viral infections often induce type 1 interferons (IFNs) [6], which break oral tolerance and
precipitate development of CD in mice [7, 8]. In humans, treatment with IFNo can lead to CD
[7]. Type 1 IFNSs also form critical nodes in the network of CD susceptibility genes [3]. Finally,
infections with adenovirus, enterovirus, hepatitis C virus, and rotavirus are associated with an
increased incidence of CD [9, 10].

Epidemiological studies of children during the Swedish CD epidemic of 1987 to 1997 found
that repeated neonatal infections were linked to CD onset (odds ratio [OD] = 1.52) [11]. A
prospective study of at-risk children found that children infected with rotavirus had a higher
prevalence of CD and that repeated infections intensified this effect (OD = 1.94 for one infec-
tion and OD = 3.76 for two or more infections) [10]. However, despite anecdotal and clinical
implications that microbial pathogens act as triggers of CD, little is known about the mecha-
nisms by which infectious agents evoke the disease.

Reovirus breaks oral tolerance

During lymphocyte development, B and T-cell receptor diversity is required to mount success-
tul responses against pathogenic microbes. Immune tolerance selects against B and T cells that
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express receptors that recognize self-antigen and thus could harm the host. In the intestine, a
unique type of immune tolerance, known as oral tolerance, induces local and systemic unre-
sponsiveness following oral feeding and prevents unnecessary immune responses to food pro-
teins. Following antigen feeding, oral tolerance prevents delayed-type hypersensitivity (DTH)
responses by inhibiting T-cell proliferation, cytokine production, and serum antibodies against
the food protein [12, 13].

Normally, food proteins absorbed by the intestine are taken up by antigen-presenting
cells in the lamina propria (LP) underlying the villus epithelium [14]. Oral tolerance is
dependent on LP dendritic cells (DCs) that transport oral antigen to the draining mesen-
teric lymph nodes (MLNs) [15] and promote gut-homing T-cell responses [16]. T cells
with suppressive functions, forkhead box P3 (Foxp3)" regulatory T cells (T,cg), inhibit
inflammatory T-cell responses against food antigens during oral tolerance [17], a property
that can be adoptively transferred to naive animals and abrogated by the removal of these
cells [18].

Oral tolerance to food antigens is dependent on intestinal DCs that express tolerogenic fac-
tors to promote antigen-specific T,.q responses [16]. However, intestinal DCs stimulate
inflammatory CD4" T cell responses against gluten in the intestinal mucosa of persons with
CD [19]. Following ingestion of gluten, inflammatory, gluten-specific CD4" T cells (Ty;1)
license B cells to secrete anti-gluten and autoimmune antibodies and produce cytokines that
mediate killing of intestinal epithelial cells (IECs) [3]. In turn, enterocyte destruction results in
blunted intestinal villi and a failure to efficiently absorb food nutrients. The switch in DC state
may result from changes in the intestinal environment. Such disruptions could be explained
by high levels of inflammatory cytokines, including type 1 IFNs. Based on these observations,
we hypothesized that viral infections of the intestine alter the immune response to oral anti-
gens such as gluten and lead to development of CD.

Reoviridae family viruses are nonenveloped, double-stranded RNA viruses that infect
humans frequently throughout their lifetime [20]. Mammalian orthoreovirus (reovirus)
strains isolated from humans can infect mice via the oral route and activate innate
immune pathways, like the related rotavirus [21]. Reovirus also stimulates type 1 IFNs
[22]. Feeding mice ovalbumin (OVA) as a model antigen results in systemic tolerance to
OVA, which is marked by induction of T,s and absence of OV A-specific inflammatory
Tyl cells [23, 24]. Peroral inoculation of reovirus strain T1L abrogates oral tolerance to
OVA, as evidenced by a reduction in T,cg and promotion of OV A-specific Ty1 cells [24].
Furthermore, HLA-DQ8-transgenic mice inoculated with T1L and fed gliadin, a proteo-
lytic derivative of gluten, develop gluten-specific antibodies and a DTH response to gluten
antigen, indicating that the mice do not establish tolerance to gluten [24]. Infection with
T1L activates transglutaminase 2 [24], an enzyme that enhances CD immunopathogenesis
[25]. Thus, reovirus can trigger inflammation to dietary gluten, which establishes a model
of virus-induced CD.

In humans, reovirus infections are common during early childhood [20] when maternal
immunity is waning and solid foods, including wheat cereals, are introduced into the diet.
This also is the time at which children are most susceptible to developing CD [4]. Persons with
CD express higher levels of reovirus antibodies compared with controls [24], raising the possi-
bility that reovirus infection is linked to the development of CD in humans. Infection with
rotavirus, another Reoviridae virus, correlates with the onset of CD in a longitudinal study
[10]. However, no association was found in a subsequent cohort study [24]. Such discrepant
results emphasize the importance of further clinical and mechanistic research to understand
how viral infections trigger CD.
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Fig 1. Model of reovirus strain-specific induction of celiac disease. Following peroral inoculation, reovirus T1L and T3D-RV
infect the intestine. T3D-RV causes caspase-3 activation and intestinal epithelial cell sloughing, which subsequently leads to rapid
viral clearance. T1L, however, subverts these antiviral responses to establish prolonged infection, triggering release of type 1
interferons and other virus response factors (yet to be defined) that induce IRF-1 expression in lamina propria dendritic cells. In
the context of this inflammatory cytokine milieu, dendritic cells phagocytose new food antigen (such as gluten), traffic to the
mesenteric lymph nodes, and secrete IRF-1-induced IL-12 to activate gluten-specific inflammatory T cells (Ty1). Type 1
interferons up-regulated during T1L infection also inhibit regulatory T cells, leading to expansion of Ty1 immunity to gluten in
the development of celiac disease. IRF-1, interferon regulatory factor-1; Ty 1, gluten-specific inflammatory T cells.

https://doi.org/10.1371/journal.ppat.1007181.9001

Not all reovirus strains induce tolerance loss

The inhibition of oral tolerance by reovirus is strain specific [24]. Infection with reovirus T1L
abrogates oral tolerance to fed antigen, as seen in CD, while infection with T3D-RV does not
(Fig 1). Relative to infection with T3D-RV, T1L infection is associated with increased levels of
inflammatory mediators, including type 1 IFNs and IFN regulatory factor-1 (IRF-1) [24],
which are up-regulated in the intestinal mucosa of CD patients [26, 27]. Type 1 IFNs are not
required for the differentiation of inflammatory food-specific Ti1 cells. However, type 1 IFNs
are required to inhibit conversion into Foxp3™ T cells, suggesting that these cytokines,
although dispensable for development of inflammatory food-specific T cells, inhibit tolero-
genic processes [24]. IRF-1, a transcription factor implicated in multistage regulation of Ty1
immune responses and antiviral immunity [28], is required to induce reovirus-mediated,
OVA-specific inflammatory Tyl cells, likely via stimulation of IL-12 in LP DCs [24]. These
results suggest that the switch from tolerogenic to inflammatory DCs results from viral stimu-
lation of type 1 IFN and IRF-1 and that viruses producing higher levels of these factors are
more likely to irreversibly disrupt immune homeostasis in the development of CD.
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Differing levels of inflammatory cytokines induced by T1L and T3D-RV could be explained
by a strain-specific capacity to infect the intestine. Although both viruses produce comparable
titers in the intestine, Peyer’s patches, and MLNs 24 hours after peroral inoculation, T3D-RV
is cleared more rapidly than T1L (with lower viral titers at 48 and 72 hours postinfection). Ter-
mination of T3D-RV infection is associated with activation of caspase-3, a marker of nonin-
flammatory apoptotic cell death. Furthermore, T1L x T3D-RV reassortant viruses that induce
limited apoptosis in the intestine display enhanced infection capacity, similar to T1L [29].
These results suggest that apoptotic death of IECs protects against enteric infection and that
virus strains subverting this response have a replication advantage. We hypothesize that the
prolonged infection capacity of T1L may stimulate greater levels and enhanced expression of
inflammatory cytokines required to break oral tolerance to fed antigen (Fig 1).

Future directions

Viral capacity to infect the intestine, avert host antiviral responses, and induce high levels of
inflammatory cytokines may dictate whether a specific virus breaks oral tolerance. To test this
hypothesis, TIL x T3D-RV reassortant viruses can be used to define the pathobiological prop-
erties associated with the abrogation of oral tolerance and identify specific viral gene products
and functional domains that elicit such phenotypes. Although IRF-1 has been defined as a host
factor required for the disruption of oral tolerance, other host factors have yet to be deter-
mined. Since apoptosis functions in accelerating clearance of reovirus in the intestine, studies
using caspase inhibitors and mutant mice lacking apoptosis effectors should allow the role of
apoptosis in prevention of reovirus-induced tolerance blockade to be clarified. It also will be
important to understand the contribution of the intestinal microbiota in the differential host
response displayed by T1L and T3D-RV. These studies will reveal underlying mechanisms by
which viruses break oral tolerance to gluten in the development of CD.

To prevent virus-induced CD, we must first define the kinetics of infection associated with
loss of oral tolerance. We hypothesize that viral infection must coincide with the introduction
of a new food antigen such as gluten. To test this hypothesis, the timing of reovirus infection
can be altered relative to the introduction of gluten to determine whether mice develop CD-
like immunopathology. Additionally, mice can be sequentially infected with reovirus and
other enteric viral pathogens to investigate the effect of multiple enteric infections on tolerance
loss. Most relevant to the development of CD prophylaxis are experiments to determine
whether vaccination can prevent loss of oral tolerance to gluten. Mice can be immunized with
inactivated reovirus or viable reassortants lacking immunopathological properties prior to
inoculation with T1L and introduction of dietary gluten. Taken together, these studies will
provide rationale for prospective human trials to determine whether reovirus infection pre-
cedes the onset of CD and whether reovirus vaccination can prevent CD development.

Acknowledgments

The authors thank members of the Dermody and Jabri laboratories for helpful discussions.

References

1. Fasano A, Bertil, Gerarduzzi T, Not T, Colletti RB, Drago S, et al. Prevalence of celiac disease in at-risk
and not-at-risk groups in the United States: a large multicenter study. Arch Intern Med. 2003; 163
(3):286—92. PMID: 12578508.

2. Green PH, Jabri B. Coeliac disease. Lancet. 2003; 362(9381):383-91. hitps://doi.org/10.1016/S0140-
6736(03)14027-5 PMID: 12907013.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007181 September 20, 2018 4/6


http://www.ncbi.nlm.nih.gov/pubmed/12578508
https://doi.org/10.1016/S0140-6736(03)14027-5
https://doi.org/10.1016/S0140-6736(03)14027-5
http://www.ncbi.nlm.nih.gov/pubmed/12907013
https://doi.org/10.1371/journal.ppat.1007181

@’PLOS | PATHOGENS

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Abadie V, Sollid LM, Barreiro LB, Jabri B. Integration of genetic and immunological insights into a model
of celiac disease pathogenesis. Annu Rev Immunol. 2011; 29:493-525. https://doi.org/10.1146/
annurev-immunol-040210-092915 PMID: 21219178.

Tack GJ, Verbeek WH, Schreurs MW, Mulder CJ. The spectrum of celiac disease: epidemiology, clini-
cal aspects and treatment. Nature reviews Gastroenterology & hepatology. 2010; 7(4):204—13. https://
doi.org/10.1038/nrgastro.2010.23 PMID: 20212505.

Lohi S, Mustalahti K, Kaukinen K, Laurila K, Collin P, Rissanen H, et al. Increasing prevalence of coeliac
disease over time. Alimentary pharmacology & therapeutics. 2007; 26(9):1217-25. https://doi.org/10.
1111/j.1365-2036.2007.03502.x PMID: 17944736.

Devendra D, Eisenbarth GS. Interferon alpha—a potential link in the pathogenesis of viral-induced type
1 diabetes and autoimmunity. Clin Immunol. 2004; 111(3):225-33. https://doi.org/10.1016/j.clim.2004.
01.008 PMID: 15183143.

Cammarota G, Cuoco L, Cianci R, Pandolfi F, Gasbarrini G. Onset of coeliac disease during treatment
with interferon for chronic hepatitis C. Lancet. 2000; 356(9240):1494-5. https://doi.org/10.1016/S0140-
6736(00)02880-4 PMID: 11081540.

Takayama S, Iwaki K, Nishida Y, Tanaka M, Fuijii M, Ohashi K, et al. Effects of oral administration of
interferon-alpha on antibody production in mice with induced tolerance. J Interferon Cytokine Res.
1999; 19(8):895-900. https://doi.org/10.1089/107999099313424 PMID: 10476935.

Plot L, Amital H. Infectious associations of Celiac disease. Autoimmun Rev. 2009; 8(4):316-9. https://
doi.org/10.1016/j.autrev.2008.10.001 PMID: 18973831.

Stene LC, Honeyman MC, Hoffenberg EJ, Haas JE, Sokol RJ, Emery L, et al. Rotavirus infection fre-
quency and risk of celiac disease autoimmunity in early childhood: a longitudinal study. The American
journal of gastroenterology. 2006; 101(10):2333—40. https://doi.org/10.1111/j.1572-0241.2006.00741.x
PMID: 17032199.

Sandberg-Bennich S, Dahlquist G, Kallen B. Coeliac disease is associated with intrauterine growth and
neonatal infections. Acta paediatrica. 2002; 91(1):30-3. PMID: 11883814.

Wells HG. Studies on the chemistry of anaphylaxis (l11). Experiments with isolated proteins, especially
those of the hen’s egg. J Infect Dis. 1911; 9(2). https://doi.org/10.1093/infdis/9.2.147

Ngan J, Kind LS. Suppressor T cells for IgE and IgG in Peyer’s patches of mice made tolerant by the
oral administration of ovalbumin. J Immunol. 1978; 120(3):861-5. PMID: 305448.

Chirdo FG, Millington OR, Beacock-Sharp H, Mowat AM. Immunomodulatory dendritic cells in intestinal
lamina propria. Eur J Immunol. 2005; 35(6):1831—40. https://doi.org/10.1002/eji.200425882 PMID:
16010704.

Pabst O, Bernhardt G, Forster R. The impact of cell-bound antigen transport on mucosal tolerance
induction. J Leukoc Biol. 2007; 82(4):795-800. https://doi.org/10.1189/jlb.0307144 PMID: 17565048.

Coombes JL, Powrie F. Dendritic cells in intestinal immune regulation. Nat Rev Immunol. 2008; 8
(6):435—46. https://doi.org/10.1038/nri2335 PMID: 18500229; PubMed Central PMCID: PMC2674208.

Mowat AM, Faria AMC, Weiner HL. Oral tolerance: Physiologic basis and clinical applications. In: Mes-
tecky J, Lamm ME, McGhee JR, Bienenstock J, Mayer L, Strober W, editors. Mucosal immunology. 1.
3rd ed. Amsterdam: Elsevier/Academic Press; 2005. p. 487-538.

Dubois B, Chapat L, Goubier A, Papiernik M, Nicolas JF, Kaiserlian D. Innate CD4+CD25+ regulatory T
cells are required for oral tolerance and inhibition of CD8+ T cells mediating skin inflammation. Blood.
2003; 102(9):3295-301. https://doi.org/10.1182/blood-2003-03-0727 PMID: 12855551.

Molberg O, Kett K, Scott H, Thorsby E, Sollid LM, Lundin KE. Gliadin specific, HLA DQ2-restricted T
cells are commonly found in small intestinal biopsies from coeliac disease patients, but not from con-
trols. Scand J Immunol. 1997; 46(3):103-9. PMID: 9315128.

Tai JH, Williams JV, Edwards KM, Wright PF, Crowe JE Jr., Dermody TS. Prevalence of reovirus-spe-
cific antibodies in young children in Nashville, Tennessee. J Infect Dis. 2005; 191(8):1221—4. https:/doi.
org/10.1086/428911 PMID: 15776366.

Dermody TS, Parker JS, Sherry B. Orthoreoviruses. In: Knipe DM, Howley PM, editors. Fields Virology.
2. Sixth ed. Philadelphia: Lippincott Williams & Wilkins; 2013. p. 1304—46.

Lai MH, Joklik WK. The induction of interferon by temperature-sensitive mutants of reovirus, UV-irradi-
ated reovirus, and subviral reovirus particles. Virology. 1973; 51(1):191-204. PMID: 4346295.

Murphy K, Travers P, Walport M, Janeway C. Janeway’s immunobiology. 8th ed. New York: Garland
Science; 2012. xix, 868 p. p.

Bouziat R, Hinterleitner R, Brown JJ, Stencel-Baerenwald JE, lkizler M, Mayassi T, et al. Reovirus infec-
tion triggers inflammatory responses to dietary antigens and development of celiac disease. Science.
2017; 356(6333):44-50. https://doi.org/10.1126/science.aah5298 PMID: 28386004.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007181 September 20, 2018 5/6


https://doi.org/10.1146/annurev-immunol-040210-092915
https://doi.org/10.1146/annurev-immunol-040210-092915
http://www.ncbi.nlm.nih.gov/pubmed/21219178
https://doi.org/10.1038/nrgastro.2010.23
https://doi.org/10.1038/nrgastro.2010.23
http://www.ncbi.nlm.nih.gov/pubmed/20212505
https://doi.org/10.1111/j.1365-2036.2007.03502.x
https://doi.org/10.1111/j.1365-2036.2007.03502.x
http://www.ncbi.nlm.nih.gov/pubmed/17944736
https://doi.org/10.1016/j.clim.2004.01.008
https://doi.org/10.1016/j.clim.2004.01.008
http://www.ncbi.nlm.nih.gov/pubmed/15183143
https://doi.org/10.1016/S0140-6736(00)02880-4
https://doi.org/10.1016/S0140-6736(00)02880-4
http://www.ncbi.nlm.nih.gov/pubmed/11081540
https://doi.org/10.1089/107999099313424
http://www.ncbi.nlm.nih.gov/pubmed/10476935
https://doi.org/10.1016/j.autrev.2008.10.001
https://doi.org/10.1016/j.autrev.2008.10.001
http://www.ncbi.nlm.nih.gov/pubmed/18973831
https://doi.org/10.1111/j.1572-0241.2006.00741.x
http://www.ncbi.nlm.nih.gov/pubmed/17032199
http://www.ncbi.nlm.nih.gov/pubmed/11883814
https://doi.org/10.1093/infdis/9.2.147
http://www.ncbi.nlm.nih.gov/pubmed/305448
https://doi.org/10.1002/eji.200425882
http://www.ncbi.nlm.nih.gov/pubmed/16010704
https://doi.org/10.1189/jlb.0307144
http://www.ncbi.nlm.nih.gov/pubmed/17565048
https://doi.org/10.1038/nri2335
http://www.ncbi.nlm.nih.gov/pubmed/18500229
https://doi.org/10.1182/blood-2003-03-0727
http://www.ncbi.nlm.nih.gov/pubmed/12855551
http://www.ncbi.nlm.nih.gov/pubmed/9315123
https://doi.org/10.1086/428911
https://doi.org/10.1086/428911
http://www.ncbi.nlm.nih.gov/pubmed/15776366
http://www.ncbi.nlm.nih.gov/pubmed/4346295
https://doi.org/10.1126/science.aah5298
http://www.ncbi.nlm.nih.gov/pubmed/28386004
https://doi.org/10.1371/journal.ppat.1007181

@’PLOS | PATHOGENS

25.

26.

27.

28.

29.

Arentz-Hansen H, Korner R, Molberg O, Quarsten H, Vader W, Kooy YM, et al. The intestinal T cell
response to alpha-gliadin in adult celiac disease is focused on a single deamidated glutamine targeted
by tissue transglutaminase. J Exp Med. 2000; 191(4):603—12. PMID: 10684852; PubMed Central
PMCID: PMC2195837.

Monteleone G, Pender SL, Alstead E, Hauer AC, Lionetti P, McKenzie C, et al. Role of interferon alpha
in promoting T helper cell type 1 responses in the small intestine in coeliac disease. Gut. 2001; 48
(3):425-9. https://doi.org/10.1136/gut.48.3.425 PMID: 11171837; PubMed Central PMCID:
PMC1760133.

Salvati VM, MacDonald TT, del Vecchio Blanco G, Mazzarella G, Monteleone |, Vavassori P, et al.
Enhanced expression of interferon regulatory factor-1 in the mucosa of children with celiac disease.
Pediatr Res. 2003; 54(3):312-8. https://doi.org/10.1203/01.PDR.0000079184.70237.9C PMID:
12788988.

Taki S, Sato T, Ogasawara K, Fukuda T, Sato M, Hida S, et al. Multistage regulation of Th1-type
immune responses by the transcription factor IRF-1. Immunity. 1997; 6(6):673-9. PMID: 9208840.

Brown JJ, Short SP, Stencel-Baerenwald J, Urbanek K, Pruijssers AJ, McAllister N, et al. Reovirus-
induced apoptosis in the intestine limits establishment of enteric infection. J Virol. 2018; 92(10). https://
doi.org/10.1128/JV1.02062-17 PMID: 29514905

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007181 September 20, 2018 6/6


http://www.ncbi.nlm.nih.gov/pubmed/10684852
https://doi.org/10.1136/gut.48.3.425
http://www.ncbi.nlm.nih.gov/pubmed/11171837
https://doi.org/10.1203/01.PDR.0000079184.70237.9C
http://www.ncbi.nlm.nih.gov/pubmed/12788988
http://www.ncbi.nlm.nih.gov/pubmed/9208840
https://doi.org/10.1128/JVI.02062-17
https://doi.org/10.1128/JVI.02062-17
http://www.ncbi.nlm.nih.gov/pubmed/29514905
https://doi.org/10.1371/journal.ppat.1007181

