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Abstract 
Celiac disease, a chronic immune-mediated disorder of the small intestine, manifests in 

a fraction of individuals with genetic predispositions consuming gluten. Environmental factors 

play an essential role in its triggering. The environmental stimuli may include dietary factors, 

infections etc. Identification of specific triggers could help in celiac disease prevention. 

Our research project focused on common intestinal infections in infancy. We investigated 

adenoviruses and enteroviruses in stool specimens of children carrying a high-risk HLA genotype 

for celiac disease. We aimed to determine whether these infections are associated with early 

markers of celiac autoimmunity, and to identify virus genotypes. To distinguish multiple 

infections, massive parallel amplicon sequencing was utilized.  

During 2001-2007, nearly 50.000 Norwegian newborns were screened within the MIDIA study 

for the presence of the HLA DR3-DQ2/DR4-DQ8 genotype, which is known to significantly 

increase the risk of celiac disease. The risk genotype was identified in 912 babies. Up to three 

years of children´s age, monthly stool specimens were collected and archived. Blood sampling 

was done every three months up to the age of a year, and then annually. Periodical 

questionnaires on children´s thrive were collected. During 2014-2016, the cohort was offered 

participation in a celiac disease study. A total of 220 individuals underwent a celiac disease 

screening, which led to the diagnosis in 27 cases. Each of patients was matched to two most 

similar healthy controls from the same cohort. A total of 2.161 stool samples were tested by 

real-time quantitative PCR for adenovirus and enterovirus and viruses were genotyped. The 

data were statistically analyzed by mixed effects logistic regression which took into account 

most of potential confounders. 

The development of celiac disease antibodies was preceded by more enterovirus infections than 

was observed in matched controls. Also, prolonged infections and specimens of high viral load 

were significantly more frequent before the celiac disease antibody development. Both 

common enterovirus species, Enterovirus A and Enterovirus B, were significantly associated with 

celiac disease. Notably, there was a significant synergistic interaction between the enterovirus 

effect and the introduction of gluten into infant diet. Adenovirus, the second most frequent 

enteric virus, was not associated with celiac autoimmunity. The findings may have implications 

for designing future prevention strategies. 



Key words: enterovirus, adenovirus, celiac disease, longitudinal cohort study, 

gastrointestinal infections, nested case-control study 

  



Abstrakt 
Celiakie, chronické imunitně zprostředkované onemocnění tenkého střeva, postihuje část 

pacientů s genetickými predispozicemi konzumujících lepek. Pro iniciaci nemoci jsou klíčové 

faktory prostředí. Mohou jimi být například změny ve stravování nebo infekce. Identifikace 

konkrétních spouštěčů onemocnění by mohla hrát roli v prevenci nemoci. 

Naše práce se zaměřila na střevní virové infekce běžné v dětství. Vyšetřovali jsme adenoviry 

a enteroviry ve vzorcích stolice dětí nesoucích pro celiakii vysoce rizikový HLA genotyp. Cílem 

bylo zjistit, zda jsou tyto infekce asociovány s rozvojem časných markerů celiakální autoimunity, 

a identifikovat konkrétní genotypy virů. Pro rozlišení vícenásobných infekcí byla použita metoda 

masivně paralelního sekvenování. 

Během let 2001-2007 bylo testováno v rámci norské studie MIDIA téměř 50 000 novorozenců na 

přítomnost genotypu HLA DR3-DQ2/DR4-DQ8, který významně zvyšuje riziko rozvoje celiakie. 

Nositeli tohoto genotypu bylo 912 dětí. Každý měsíc do věku tří let byly těmto dětem odebírány 

vzorky stolice a ukládány v biobance. Krev byla odebírána do jednoho roku věku dítěte každé tři 

měsíce a poté jednou ročně v kombinaci se sběrem informací o prospívání dětí prostřednictvím 

dotazníků. Během let 2014-2016 byly děti přizvány k účasti ve studii celiakie. Celkem 

220 podstoupilo screening celiakie, což vedlo k stanovení diagnózy ve 27 případech. Ke každému 

pacientovi byly ze stejné kohorty přiřazeny dvě co nejpodobnější zdravé kontroly. Celkem 

2 161 vzorků stolice těchto dětí bylo testováno kvantitativní real-time PCR metodou na 

přítomnost adenovirů a enterovirů, které byly následně genotypovány. Data byla statisticky 

zpracována metodou logistické regrese se smíšenými efekty, což umožnilo zohlednit většinu 

potenciálních zavádějících faktorů. 

Rozvoji protilátek typických pro celiakii předcházelo více enterovirových infekcí u případů 

v porovnání s kontrolami. Také infekce s delším trváním a vzorky o vysoké virové náloži byly 

signifikantně častější před rozvojem celiakální autoimunity. Oba běžné druhy enteroviru, 

Enterovirus A i Enterovirus B, byly signifikantně s celiakií asociovány. Obzvláště pozoruhodná 

byla signifikantně významná asociace mezi vlivem enterovirové infekce v době zavádění lepku 

do stravy a rozvojem markerů celiakie. Adenovirus, jakožto druhý nejběžnější střevní virus, nebyl 

s celiakií asociován. Předložená zjištění mohou být využita při navrhování budoucích 

preventivních opatření. 



Klíčová slova: enterovirus, adenovirus, celiakie, longitudinální kohortová studie, 

střevní infekce, vnořená studie případů a kontrol 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Abbreviations 

APC antigen presenting cell 

aOR adjusted odds ratio 

CDA celiac disease antibodies  

CV coxackievirus 

HAdV human adenovirus 

HEV  human enterovirus 

CD celiac disease 

CI  confidence interval 

CVA Coxsackie virus A 

CVB Coxsackie virus B 

ESPGHAN The European Society for Pediatric Gastroenterology, Hepatology 
and Nutrition 

GFD gluten-free diet 

HLA human leukocyte antigen 

NGS new generation sequencing 

VP1 enterovirus capsid protein VP1 

RT-PCR reverse transcription polymerase chain reaction 

TG2 tissue transglutaminase 2 

TGA tissue transglutaminase antibodies 

Th1 T helper 1 cells     

WNV West Nile Virus 
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1 INTRODUCTION  
Celiac disease (CD) is an incurable chronic inflammatory disorder of the small intestine. The 

driver of the pathogenic inflammation is gluten, which is present in a common diet. 

Currently, life-long gluten-free diet is the only solution. The disease develops most often in 

children, although can occur also in adulthood. Causes of the development of CD are 

multifactorial. Both genetic and environmental components are required for the disease 

phenotype. CD develops almost exclusively in subjects with HLA-DQ2 and/or HLA-DQ8 

molecules, who eat gluten-containing cereals and have likely gone through some 

environmental stimuli. These environmental triggers could be infections, changes in a diet or 

other stressors. Suggested candidates are mainly those agents which come into contact with 

the intestinal mucosa, the place of CD pathogenesis. If factors that impact CD risk is 

uncovered and modified, the prevention of CD might be introduced (Tye-Din et al. 2018). The 

presented thesis is focused on gastrointestinal adenovirus and enterovirus infections in early 

childhood. 

1.1 Aims 
We aimed to test whether the development of celiac disease is preceded by an increased 

number of enterovirus or adenovirus intestinal infections. Additionally, we aimed to test the 

effects of symptomatic infections, infections with high viral loads or prolonged virus 

shedding.  

We aimed: 

• to develop a reliable high-throughput extraction of nucleic acids and avoid the 

cross-contamination in a 96-well format, 

• to prepare a protocol for virus genotyping using massive parallel amplicon 

sequencing, 

• to test whether adenovirus or enterovirus infections may be associated with 

the later celiac disease, 

• to characterize the nature of infections, 
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• to determine their serotypes and identify those associated with the CD 

development. 

1.2 Reasons for studying environmental confounders of CD 
The incidence of CD is increasing over the last decades (Lohi et al. 2007). The current global 

prevalence is estimated as 1 % of the whole human population, which means approximately 

77.2 million of people worldwide (Singh et al. 2018,  https://worldometers.info 3.8.2019). 

Its prevalence differs among countries. For instance, CD affects almost 3 % of the Finnish 

population (Singh et al. 2018). Generally, Scandinavian countries are more affected, whereas 

some world areas are less. This remarkable disproportion is not possible to explain just by 

genetic predispositions or by amount of consumed gluten. Why do some genetically 

predisposed individuals develop CD, whereas the others do not, is not clear. The increasing 

prevalence is obviously induced by environmental conditions (Abadie et al. 2011). 

Although there have been numerous attempts to develop curative therapies, currently the 

only solution is a lifelong gluten-free diet (GFD), which is difficult to follow and is expensive. 

Nevertheless, adherence to the diet is enough for the disappearance of symptoms in the vast 

majority of cases (Alhassan et al. 2019). In addition, CD diagnosis is associated with high 

morbidity, which could imply socioeconomic disadvantages and relates also to lower work 

productivity (Crocker et al. 2018). CD also increase the risk of other diseases (Heikkilä et al. 

2015). Thus, the environmental determinants need to be elucidated. 
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2 CELIAC DISEASE ETIOPATHOLOGY  
Like many autoimmune diseases, the CD phenotype results from a complex interplay of 

several factors, genetic and environmental. The known causative factor is gluten, whose 

consumption leads to a villous atrophy of the small intestine tissue (Sollid et Jabri 2013). The 

scheme illustrating the disease etiology (Figure 1) and immunopathology (Figure 2) is shown.  

 

Figure 1. Scheme of the celiac disease etiology. Celiac disease is an immune-mediated 
gluten-sensitive enteropathy that develops in genetically predisposed individuals. The 
overwhelming majority of cases are carriers of HLA allele variants HLA-DQ2 and/or HLA-DQ8. 
Generally accepted model supposes that CD is a result of an interaction and a specific 
combination of genetic and environmental factors conditioned by the consumption of gluten. 
In the small intestine, the pathology is manifested by lymphocyte infiltration and villous 
atrophy, which can lead to the malabsorption of nutrients and chronic diarrhea causing 
malnutrition, failure to thrive, anemia, osteoporosis etc. The figure is inspired by the 
illustration of the dissertation defence presentation of Ch. R. Kahrs; MD, PhD. Drawn by using 
the image from www.mayoclinic.org, 2. 11. 2018.  
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Figure 2. Model of celiac disease immunopathology. Immunopathologic processes are 
driven by the consumption of gluten. Bacteria, viruses or even gluten itself might figure as 
triggers and promote the activation of antigen-presenting cells (APCs). Gluten is deamidated 
by an enzyme called tissue transglutaminase 2 (TG2). Impaired epithelial cells can serve as 
a source of interferon type I (IFN I) and interleukin 15 (IL-15), which are requires for the 
maturation of APCs. Mature APCs bind deamidated gluten peptides by their HLA receptors 
and migrate to lymph nodes (MLN = mesenteric lymph nodes) or Peyer´s patches and present 
gliadin peptides to CD4+ T cells. In addition, B cells can present the complex of TG2 and 
gluten on their HLA-DQ2 or HLA-DQ8. T cells encourage gluten-specific and TG2-specific 
B cells to differentiate into plasma cells producing anti-gluten and anti-TG2 specific 
antibodies. Activated T cells also confer to the expression of IL-15 and non-classical HLA 
class I molecules (HLA-E, MIC) in epithelial cells. Consequently, intraepithelial cytotoxic 
T lymphocytes (IE-CTLs) can cause destruction of stressed epithelial cells. From Sollid et Jabri, 
2013. 
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2.1 Genetics 
The higher incidence of CD in monozygotic compared to dizygotic twins and the higher 

incidence of CD in first-degree relatives compared to the CD incidence in general population 

show the importance of genetic components influencing the CD susceptibility (Tye-Din et al. 

2018).  

The main genetic predisposition for CD is determined by carrying specific variants of HLA-DQ 

alleles. The presence of HLA-DQ2 and/or HLA-DQ8 molecules is the strongest genetic risk 

factor associated with CD. Almost all CD cases carry either or both of these HLA variants 

(Megiorni et Pizzuti 2012). These alleles are very common, their joint prevalence in general 

population is around 40 %, but only 1 % of all people develop CD (Tighe et Beattie 2017) as 

shown in Figure 3. Also HLA-DQ7 can confer slightly increased risk of CD (Tinto et al. 2015). 

 

Figure 3. Illustration of the HLA-DQ2 and HLA-DQ8 distribution in the general population 
and among CD patients. Almost all CD cases carry these HLA variants. From Kagnoff, 2007. 

 

Genes HLA-DQA1 and HLA-DQB1 encode the alpha and beta chain of heterodimer proteins        

HLA-DQ that is expressed on the surface of antigen presenting cells (APCs). A heterozygous 
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individual can produce two alpha and two beta chains, which means four isoforms can 

theoretically be formed on the APC surface (Abadie et al. 2011).  

The HLA-DQ variants are in close genetic linkage disequilibrium to HLA-DR variants (as shown 

in Figure 4), which means that their alleles are mainly inherited together as a haplotype.  

 

Figure 4. Associations of CD with HLA haplotypes. DQ antigen is made up of two different 
subunits forming an αβ-heterodimer protein on the APC surface. The DQ α subunit is 
encoded by the HLA-DQA1 gene and the DQ β subunit is encoded by the HLA-DQB1 gene. 
The most associated with CD are haplotypes resulting in the expression of HLA-DQ2.5 
antigen. Patients can also express HLA-DQ2.5 heterodimer, which is encoded by DR3-DQ2 in 
cis form or by DR5-DQ7 combined with DR7-DQ2 in trans form in a heterozygote. The surface 
molecule DQ2.2, which is encoded by the haplotype DR7-DQ2 is only mildly associated with 
CD. Another CD-related HLA-DQ variant is DQ8 resulting from the haplotype DR4-DQ8. From 
Abadie et al. 2011. 
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HLA variants are estimated to be responsible for 40-50 % of estimated genetic risk (Sollid et 

Lie 2005). Genome wide association studies (GWAS) revealed several non-HLA genes that 

contribute to the CD susceptibility. About 40 non-MHC loci related to CD are known. They are 

responsible for approximately 14 % of the genetic susceptibility. These genes mainly encode 

proteins with functions in the immune system (Trynka et al. 2012). Noteworthy, variants of 

viral response genes are related to CD (Dubois et al. 2010, Kumar et al. 2015). Lastly, large 

mutations in genes, especially in genes regulating immune responses, could confer to the CD 

susceptibility (Trynka et al. 2012). Also, genes coding proteins of tight junction between 

enterocytes are considered (Visser et al. 2009). 

2.2 Gluten 
The consumption of gluten-containing products is crucial for the manifestation of CD. Gluten 

consists of alcohol-insoluble components named glutenins and alcohol-soluble gliadins as is 

illustrated in Figure 5 (Abadie et al. 2011). 

 

Figure 5. Composition of gluten. Gluten consists of glutenin and gliadin, which is rich in 
proline and glutamine. From https://cwsimons.com/gluten-chemistry-and-functionality/,           
1 9.7.2019. 

Some gliadin peptides are partly resistant to intestinal digestion (hydrolysis by gastric, 

pancreatic or intestinal proteases) due to their rich content of prolines. Undigested gliadin 

fragments can figure as drivers of immune responses under certain conditions. Gliadin, rich in 

glutamine and proline (its structure is shown in Figure 6), is a good substate for tissue 

transglutaminase. Tissue transglutaminase 2 (TG2) is a multifunctional enzyme. In CD, TG2 
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changes glutamine to glutamate through deamidation (Figure 7). The immunogenicity of 

gliadin is higher after this reaction, deamidated gliadin fits better than non-deamidated 

gliadin in the grooves of the DQ2 and DQ8 molecules, which present deamidated gliadin 

peptides to CD4+ T cells (Mejías et al. 2014). 

 

Figure 6. Structure of an alpha-gliadin. Parts highlighted in color have specific biologic 
activities. The evident abundancy of glutamine (Q) and proline (P) and the presence of 
disulfide bonds can lead to incomplete cleavage by digestive enzymes. From 
https://glutagen.com/whats-the-deal-with-gluten/, 15.7.2019. 
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Figure 7. Deamidation of gliadin. The enzyme TG2 (protein glutamyl γ-glutamyltransferase) 
converts gliadin´s glutamines to glutamates and increases its immunogenicity. From Abadie 
et al. 2011. 

2.3 Environment 
Genetic background is necessary but not sufficient for CD manifestation. The CD pathology is 

induced and influenced by environmental conditions. As mentioned above, the prevalence of 

CD differs among countries. It appears to be relatively rare in sub-Saharan Africa and 

southeast Asia, whereas the highest prevalence of CD is observed in Scandinavian countries 

(Singh et al. 2018). The observed distribution of CD cannot be explained only by genetic 

predispositions or by the amount of wheat product intake. A good illustration is the 

significantly different prevalence in neighboring Finland and Russian Karelia (Singh et al. 

2018). It could be caused by different recommendation guidelines for infant feeding, 

differences in type of daycare, the type of community in which individuals live (city/village, 

large multigenerational families, large number of siblings, the presence of farm animals), 

hygienic standards or intake of industrial prepared food. It is supposed that the specific risk 

combination of environmental stimuli can also influence the composition of intestinal 

microbiota, which in turn could precipitate the intestinal tissue for the increased 

susceptibility of CD development (Cenit et al. 2015, Abadie et al. 2011).  
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Population studies have suggested that infectious agents can act as triggers of CD (Mårild et 

al. 2015, Tjernberg et Ludvigsson 2014, Canova et al. 2014). It is generally accepted 

hypothesis that autoimmunity can be initiated by an infection through a variety of 

mechanisms. However, the exact mechanism of CD development remains elusive and its 

studies are difficult due to the lack of proper animal models (Marietta et al. 2012). Suggested 

mechanisms how infections can trigger CD are summarized by Lerner et al. (Lerner et al. 

2017). Infectious agents could trigger autoimmune processes e.g. by: 

• the mechanism of molecular mimicry (Dolcino et al. 2013, Kagnoff et al. 1987),  

• increased gut permeability (e. g. caused by the damage of tight junction) 

enabling the deamidation of gluten by TG2 and its presentation to immune 

cells (Visser et al. 2009, Vorobjova et al. 2017), 

• indirectly, the microbiota modification caused by an infection, the microbiota 

imbalance could induce the intestine tissue damage, e. g. by increased amount 

of produced proteolytic molecules or generation of immunogenic peptides 

(Olivares et Sanz 2015, Lerner et al. 2019), 

• initiation of the release of danger signals leading to the immunopathogenic 

reaction resulting in loss of gluten tolerance (Sollid et Jabri 2013, Bouziat et al. 

2017, Matzinger 2002), 

• induction of inflammatory conditions leading to the activation of                 

gluten-specific CD4+ T cells, which have been inactive until that time point 

(Sollid et Jabri 2013). 
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3 VIRUSES IN THE PATHOGENESIS OF CELIAC DISEASE 
Previous epidemiological and immunological studies imply that infections, mainly 

gastrointestinal viruses and bacteria, may be involved in the CD development (Bouziat et al. 

2017, Mårild et al. 2015, Lerner et al. 2017). Viral infections have been linked to the initiation 

of several immune disorders such as systemic lupus erythematosus (Schmitt et al. 2016), 

multiple sclerosis or type 1 diabetes (T1D) (Ercolini et Miller 2009).  

Focusing on viral infections of the intestine, several potential candidates were suggested 

including e. g. adenovirus, astrovirus, enterovirus, rotavirus or orthoreovirus. 

Astrovirus, relatively rare virus that can cause gastroenteritis in children, was detected in 

a four-year old boy diagnosed with CD. This case report initiated the testing of the astrovirus 

presence in 328 patients suffering from gastroenteritis. However, nobody was astrovirus-

positive (Smits et al. 2010), which documents astrovirus´ low prevalence and thus the 

difficulty to study its involvement in CD pathogenesis. 

As a very common intestinal virus, rotavirus was studied in the context of CD pathogenesis. 

Stene et al. found out a significant association of rotavirus infections and CD. Almost 2 000 of 

CD high-risk children were prospectively followed and regularly blood samples were 

collected, in which TGA and anti-rotavirus antibodies were measured. Children had four 

times higher risk of later CD autoimmunity, if they had more than two rotavirus infections 

(Stene et al. 2006). In 2013, the cross-sectional study was performed and showed the 

significant difference in the presence of anti-rotavirus antibodies in 21/26 CD patients 

compared to 10/37 controls (Dolcino et al. 2013).  Non-significant results were obtained by 

other large cross-sectional studies comparing rotavirus infections between 118 CD patients 

and 60 controls (Bouziat et al. 2017) and between 118 CD cases and 214 healthy controls 

(Ziberna et al. 2016). Interestingly, reduced risk of later celiac disease in children, who were 

vaccinated against rotavirus, was observed by Kemppainen et al. (Kemppainen et al. 2016). 

Concerning unspecified infections, a prospective study performed in Sweden has indicated 

no association between infections and CD onsets. Unfortunately, infections were only 

parent-reported, which decreases the reliability and do not catch asymptomatic infections. 
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Also, infection types and the sites where infections occur, are limited to determine by 

parent-reporting questionnaires. In addition, if we assume only slight contribution of 

infections in triggering CD, we need more sensitive tools for evaluating the rate of their 

contribution. The advantage of the Swedish study is its large cohort comprising data from 

more than 9 000 children. However, at the time of investigation, only 44 children had CD 

based on duodenal biopsy (Welander et al. 2019).  

In spite of a number of hints coming from epidemiological studies, mechanistic studies 

researching the infections´ involvement in CD pathogenesis are relatively rare. A recent study 

conducted by Bouziat (Bouziat et al. 2017) investigated orthoreovirus infections in mouse 

models. Orthoreovirus is a dsRNA virus belonging to the Reoviridae family. In human, 

orthoreoviruses can cause gastroenteritis or respiratory diseases or can be asymptomatic. 

Bouziat et al. showed that an avirulent orthoreovirus can induce the immune response to 

gluten, promote the generation of Th1 cells and participate in intestinal damage (Bouziat et 

al. 2017). These findings support the hypothesis of virus-induced CD. 

Because the diploma thesis is focused on adenovirus and enterovirus infections, these 

viruses are described in detail below. 

3.1 Adenovirus 
Adenovirus is a non-enveloped, double stranded DNA virus with an icosahedral capsid. The 

structure of the virion is shown in Figure 8. The adenovirus genome is linear and 

monopartite. Adenovirus infections are very frequent, its prevalence is approximately 14 % 

among young children under three years of age (Kahrs et al. 2019) (the virus distribution 

during early childhood is depicted in Figure 11). Infections can occur symptomatically or can 

be clinically silent. Adenovirus infections can predominantly cause respiratory or 

gastrointestinal illnesses (for instance common cold, diarrhea). Adenoviruses are spread 

through fecal-oral route, respiratory droplets or urine, depending on virus type. Family 

Adenoviridae consists of five genera, in which genus Mastadenovirus includes all human 

adenoviruses. The hypervariable region of the hexon gene (shown in Figure 9) are used to 

classify individual adenovirus genotypes. Serotyping has been partly replaced by genotyping. 
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In humans, there are more than 50 distinct adenoviral serotypes (Human adenovirus 1-57; 

HAdV-1 to HAdV-57) ordered in seven species (Human adenovirus A, B, C, D, E, F and G). 

Certain adenovirus serotypes are predominantly associated with specific pathology. For 

instance, HAdV-40 and HAdV-41 is related to gastroenteritis in 

children (https://talk.ictvonline.org/ictv-reports/ictv_9th_report/dsdna-viruses-

2011/w/dsdna_viruses/93/adenoviridae, 12.7.2019). 

 

 
Figure 8. The structure of the adenovirus virion. The particle has 70–90 nm in diameter. 
Surface structures (hexon, penton and fiber), which determine serotypes, have the most 
variable genome regions among adenovirus species.  
From https://sites.google.com/site/dsfoster/themolecularbiology, 12.7.2019. 

 

Virus attaches via the fiber to different receptors on the susceptible cells and is internalized. 

Subsequently, virions are released from endosomes and are transported on microtubules to 

nuclear pores. Adenovirus replicates in host nucleus. (https://talk.ictvonline.org/ictv-

reports/ictv_9th_report/dsdna-viruses-2011/w/dsdna_viruses/93/adenoviridae, 12.7.2019) 

 

https://talk.ictvonline.org/ictv-reports/ictv_9th_report/dsdna-viruses-2011/w/dsdna_viruses/93/adenoviridae
https://talk.ictvonline.org/ictv-reports/ictv_9th_report/dsdna-viruses-2011/w/dsdna_viruses/93/adenoviridae
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Figure 9. The comparison of nucleotide diversity among genomes of HAdV species. The       
x-axis depicts the position in genomes. On the y-axis, the % diversity is shown. The 
adenovirus genomes are relatively conserved apart from regions coding the penton base, E3 
proteins, fiber or hexon. The hexon region can be used to genotyping. From Robinson et al. 
2013.  

3.1.1 Evidence of adenovirus infections in the pathogenesis of celiac 
disease 

Adenovirus was suggested as a trigger of celiac disease in 1984, which means it is the longest 

studied virus in the CD pathogenesis. In that year, Kagnoff et al. came up with the hypothesis 

of molecular mimicry and demonstrated that alpha-gliadin protein shares a homologous 

sequence with a virus protein E1B which figures as a blocker of cell apoptosis through 

stabilizing the cell protein p53. Authors also showed that antibodies against E1B protein bind 

to alpha-gliadin (Kagnoff et al. 1984). Three years later, the same authors investigated the 

prevalence of anti-adenovirus antibodies in 80 CD cases and 135 healthy controls and 

documented significantly higher prevalence of anti-adenovirus antibodies in CD patients 

compared to controls. The further study performed by Lahdeaho et al. supported the 

hypothesis of association between adenovirus infections and CD. Authors measured           

anti-adenovirus antibodies in 41 cases and 57 controls (Lahdeaho et al. 1993). However, 

other studies did not confirm the association. By PCR evaluating of adenovirus presence in 
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duodenal biopsies of 18 CD cases and 24 controls, authors obtained non-significant results 

(Lawler et al. 1994). Similarly, Mahon et al. tested intestinal biopsies by PCR methods in 

27 CD patients and 23 controls and did not detect any differences in the prevalence (Mahon 

et al. 1991). A larger cross-sectional study including 80 CD patients and 80 healthy controls 

also was conducted. However, the prevalence of blood anti-HAdV antibodies between two 

groups statistically did not differ (Tarish et al. 2016). 

The main obvious disadvantage of the above mentioned studies is that all of them were 

cross-sectional, thus we cannot exclude reverse causality. There is the possibility of that CD 

patients are more susceptible to virus infections than healthy individuals and the 

measurement just catches this effect. Also, some of the studies are limited by its sample size 

and they did not take into consideration potential confounding factors increasing e.g. the risk 

of adenovirus infections  (e. g. number of siblings etc.). 

3.2 Enterovirus 
Enterovirus is a small, spherical ssRNA virus. Its genome is approximately 7 500 bases long. 

Enterovirus, belonging to the family Picornaviridae, is a genus including 15 species. Species 

Enterovirus A-D and Rhinovirus A-C are common in humans. Enteroviruses are known to have 

a high mutation rate. Enteroviruses are very common, e. g. their occurrence in feces of young 

children can reach up to 17 % (Kahrs, Chuda et al. 2019) (enterovirus time course during 

infancy is shown by Figure 12). Infections by different enterovirus types can cause different 

diseases depends on their tropism or the state of host´s immune system. Enteroviruses 

typically multiply in the gastrointestinal tract or in the respiratory system. Diseases caused by 

enteroviruses can range from rashes (e. g. hand, foot and mouth disease), through common 

cold, gastroenteritis to encephalitis. Enterovirus infections may frequently be asymptomatic 

(https://talk.ictvonline.org/ictv-reports/ictv_online_report/positive-sense-rna-

viruses/picornavirales/w/picornaviridae/681/genus-enterovirus, 12.7.2019).  
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Figure 10. The structure of the enterovirus particle. The virion has about 30 nm in diameter. 
The capsid consists of four types of proteins VP1, VP2 and VP3, which form the surface 
structures, and VP4 protein without any epitopes exposed on the capsid surface. Structural 
proteins form a protomer, five protomers are folded into a pentamer, twelve of which can 
self-associate to a virion particle. The enterovirus genome is one single RNA chain. From Yi et 
al. 2017. 

 

The viral particle (its structure is shown in Figure 10) binds to a cell surface receptor. 

Subsequently, a pore in the cell membrane is formed and RNA is injected into the cell. The 

RNA genome is uncoated, VPg protein is removed and then RNA is translated into a single 

polyprotein, which is cleaved into capsid proteins and proteins involving in the virus 

replication. A double-strand RNA is synthesized from the single strand RNA with positive 

polarity (+ssRNA). The RNA chain with negative polarity from the dsRNA is then replicated 

producing viral +ssRNA genomes, which are packed into capsids and leave the cell 

(https://talk.ictvonline.org/ictv-reports/ictv_online_report/positive-sense-rna-

viruses/picornavirales/w/picornaviridae/681/genus-enterovirus, 12.7.2019). 
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Figure 11. The observed prevalence of adenovirus and enterovirus in feces of infants. As can 
be seen, the prevalence of both viruses is relatively high, ranging between 5 to 20 % in 
toddlers. Data obtained from the MIDIA project, Cinek et al. 2006. 

3.2.1 Evidence of enterovirus infections in the pathogenesis of celiac 
disease 

In 2012, Sarmiento and colleagues investigated anti-TG2 antibodies in patients with 

previously confirmed HEV infection. The prevalence of anti-TG2 antibodies (TGA) in these 

patients was 55 % (11/20 patients). Thus, authors have demonstrated that the presence of 

TGA is significantly associated with HEV infection. Patients had confirmed HEV infection by 

PCR and by the detection of enterovirus-specific IgG (serotype echovirus 16). Although 

relatively small sample size, this observation supports the hypothesis indicating the 

involvement of enteroviruses in the pathogenesis of CD. Authors also compared TGA 

prevalence (55 %) in these 20 HEV positive patients with the TGA prevalence in 21 CMV 

(cytomegalovirus) positive patients (9,5 % patients were TGA positive), 20 EBV (Epstein-Barr 

virus) positive patients (25 % TGA-positive patients) and 21 HCV (Hepatitis C virus) positive 
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patients (21 % TGA-positive patients), which implies HEV infections can be associated with 

the generation of TG2-specific antibodies.  

Enterovirus has not been thoroughly studied in the context of CD as yet. In 2012, Mercalli et 

al. have investigated enterovirus infections in 27 CD patients and 21 healthy controls. They 

performed enterovirus-specific RT-PCR of small intestine biopsies and also detected anti-VP1 

IgG levels in plasma samples. However, the study was cross-sectional and found no increased 

risk of CD (Mercalli et al. 2012). As suggested by the previous studies (Vorobjova et al. 2017, 

Li et Atkinson, 2015), HEVs could be sufficient to increase the intestinal permeability, which 

can enable the contact of TG2 with immune cells resulting in production of TGA (Sarmiento 

et al. 2012). 

Enterovirus has been hypothesized to be involved in the development of autoimmune 

diseases such as type 1 diabetes (Tapia et al. 2011).  Presumably, T1D and CD can share some 

environmental factors (Hagopian 2017, Frisk et al. 2008). Although enterovirus has been 

studied in the pathogenesis of T1D for a long time (Craig et al. 2013), insufficient evidence is 

available regarding its possible association with CD. Thus, investigation of enterovirus 

infections in the pathogenesis of CD is warranted. 

3.3 Implications from the evidence of viruses in the context of 
CD 

Taken aforementioned studies together, even contradictory results were noticed. It is 

required to pay attention because of several research weaknesses in designs of the studies.  

Generally, there is the lack of prospective studies. Only one study was prospective (Stene et 

al. 2006).  

Also, as seen from the evidence presented above, the most frequent restriction was the 

study size, which can result in the disability to detect just mild effects of infections operating 

in CD pathogenesis.  
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A common disadvantage is the retrospective character, which increases the risk of biases. 

Also, infections were sometimes parent-reported or unspecified, which could decrease the 

reliability. Another limitation is sometimes unstandardized or unclear diagnosis of CD. 
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4 MATERIALS AND METHODS 
 

The steps of the workflow were: 

• Formation of the study cohort MIDIA 

• Implementation of the celiac disease sub-study (Recruitment of study participants       

– serology, selection of matched controls) 

• Processing of stool samples  

o Extraction of nucleic acids  

o Detection of viruses by PCR methods 

o Virus genotyping by massive parallel amplicon sequencing 

• Statistical analysis 

4.1 The MIDIA cohort 
MIDIA, which is the Norwegian acronym for Environmental Triggers of Type 1 Diabetes Study, 

is a prospective population-based cohort of children carrying the HLA-DRB1*0401-DQA1*03-

DQB1*0302/DRB1*0301-DQA1*05-DQB1*02 (often referred to as DR4-DQ8/DR3-DQ2) 

genotype, which confers a high-risk for both T1D and celiac disease. It is thus a homogeneous 

cohort of children defined by a single HLA genotype conferring the highest risk of T1D, and 

also high risk of CD. 

Study participants were born during 2001-2007 in Norway. Up to 50 000 newborns from 

general population throughout Norway were screened for the above HLA genotype. The time 

distribution of recruitment is depicted in Figure 12. Originally, the MIDIA project aims to 

identify environmental causes of T1D (Stene et al. 2007). Parents were invited to participate 

when babies were 1-2 weeks old. Babies provided mouth brushes for DNA extraction and 

were HLA typed. In total, 912 (1.9 % of HLA typed newborns) were carriers of the high-risk 

genotype and were included to the study cohort. These children were followed. 
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Figure 12. The distribution of birthdates of followed subjects carring the genotype HLA DR3-
DQ2/DR4-DQ8. Data from Kahrs, Chuda et al. 2019. 

 

Blood samples were scheduled at ages 3, 6, 9 and 12 months and annually thereafter. 

Questionnaires investigating the infants´ thrive and well-being were required at the same 

time periods.  T1D specific autoantibodies to glutamic acid decarboxylase, insulin, and 

insulinoma-associated antigen-2 were measured, and aliquots of plasma were archived at       

-80 °C.  

Parents of all infants were requested to provide stool samples from the diapers or pot every 

month from the children´s age of 3 months to 36 months. Containers with a spoon under the 

lid were used. Specimens were then mailed by the post to the laboratory (Cinek et al. 2006). 
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4.2 Implementation of the celiac disease sub-study 
The large biobank of the MIDIA project made it possible to conduct a nested case-control 

sub-study investigating celiac disease. During 2014-2016, participants remaining within the 

follow-up of the MIDIA study were invited to the celiac disease sub-study. As illustrated in 

Figure 13, 220 of 501 invited children consented to participation. Table 1 contains detailed 

characteristics of participants. Within the cohort, 27 children with CD were identified, 17 of 

them were diagnosed before screening. Subsequently, two of CD cases were excluded due to 

improper sampling or unreliable diagnosis. Each of 25 cases was matched to two similar 

controls by age, number of siblings and the place of residence. 

 

Figure 13. The scheme illustrates the study timeline and the enrolment of participants to 
the celiac disease sub-study. In the fall 2001, recruitment of participants started and was 
continuing to 2007. During this period, almost 50 000 babies were genotyped. Individuals 
carrying the HLA DR3-DQ2/DR4-DQ8 genotype were included and followed for T1D islet 
autoantibodies. Of these 912 children, 501 remained in the follow-up as of 2014, and of 
these, 220 consented to participate in the CD study. From 2014 to 2016, these children were 
screened and 25 CD cases were defined and matched to 50 healthy controls from the same 
cohort. 
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Characteristic 
Babies with the chosen 

risk HLA genotype 
(n=912) 

Participants in the CD 
study (n=220) 

Female sex (n (%)) 445 (49) 107 (49) 

Other children in household (n (%))   

None 319 (35) 76 (35) 

1 367 (40) 102 (46) 

≥2 226 (25) 42 (19) 

Family history of celiac disease at the 
time of enrolment (n (%)) 19 (2) 7 (3) 

Table 1. Characteristics of the followed children. The participants tended to have fewer 
siblings, higher prevalence of CD and higher prevalence of T1D in their families. Published in 
Kahrs, Chuda et al. 2019. 

4.2.1 Celiac disease diagnosis 
All CD cases were diagnosed according to generally accepted ESPGHAN 2012 criteria (The 

European Society for Pediatric Gastroenterology Hepatology and Nutrition) (Frühauf et al. 

2012).  During 2014-2016, 220 children were screened for the presence of specific CD 

antibodies in their most recent plasma specimens (IgA anti-TG2 autoantibodies and in 

addition, IgG anti-deamidated gliadin antibodies in order to catch cases with IgA deficiency). 

Some children within the cohort had already been diagnosed as CD cases, other were 

identified by screening. If the test was positive, the child was recommended to further 

testing according to the ESPGHAN diagnostic procedures. Only reliable confirmed cases were 

included. The detailed scheme of the case-control recruitment is depicted in Figure 14. 

The diagnosis was based on biopsy (Marsh ≥3) in 14 cases, further 9 children were diagnosed 

by serology and two children with unclear Marsh grade on biopsy, were diagnosed on 

repeated anti-TG2 antibodies >10 times cut-off level and symptoms. 
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Figure 14. The sampling scheme. A total of 220 children were enrolled to the celiac disease 
sub-study and underwent celiac disease screening from 2014 to 2016. Some of them have 
already been diagnosed with celiac disease at that time. In those cases, we can see 
disappearance of CD specific antibodies in blood samples after the introduction of GFD. In 
celiac disease cases, retrospective testing of longitudinally collected blood samples was 
performed in order to identify the window of seroconversion. Blood samples were taken 
regularly every three months up to the age of one year and then annually. All matched 
healthy controls were negative for CD biomarkers throughout the whole observational 
period. Monthly collected fecal samples of all 75 enrolled children were subjected to PCR 
testing for the presence of enteroviruses and adenoviruses. Positive samples were 
genotyped. Rearranged from materials kindly provided by C. R. Kahrs; MD, PhD. 

4.3 Processing of stool samples 
In the central laboratory in Norway, fecal samples were suspended in phosphate buffered 

saline with the addition of 2.5 µg/ml fungizone, 50 IU/ml penicillin, 0.5% bovine serum 

albumin, 50 µg/ml streptomycin, 50 IU/ml penicilin, 50 µg/ml streptomycin. Consequently, 

samples were vortexed and centrifuged at 4000×g for 30 min. Supernatants were frozen at        

-80°C until further processing. Testing of stool supernatant samples by PCR methods began in 

2016. Samples were sent from the Norwegian biobank to prof. Cinek´s Laboratory of 

Molecular genetics in Prague, where we have tested them.   

  negative CD blood test 
  positive CD blood test 

GFD 
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4.3.1 Extraction of nucleic acids 
Then optimized protocol for increasing the throughput was developed using the QIAamp 

Viral RNA Mini Kit (Qiagen, Hilden, Germany) for co-purification of RNA and DNA, with 

a modification for 96-well plate format instead of individual columns. Procedures were 

performed in biosafety cabinets whenever possible, and samples were processed blinded to 

the case-control status. 

Samples were thawed at room temperature, vortexed and centrifuged at 22 °C 3 min at 

15 000 g to sediment debris. Negative controls were incorporated in this step. Within each 

96-well plate, at least six negative and one positive control randomly placed in 96-well 

format were used. Negative controls were 140 µl of TE buffer and positive controls were 2 µl 

of Enterovirus Armored RNA (Ambion Diagnostics, Austin, TX, USA) dissolved in 138 µl saline. 

4.3.1.1 Lysis  
The lysis was done in individual 2.0ml tubes (Biosphere SafeSeal 2.0 ml), which were prefilled 

by 560 µl of AVL lysis buffer at room temperature. The AVL solution contained 1 µg/ml carrier 

RNA and a low amount of West Nile Virus Armored RNA that served as an exogenous internal 

control because of the potential presence of PCR inhibitors in feces. The stool supernatant 

samples, each at the volume of 140 µl, were added into their respective 2.0ml tubes. After 

10min incubation, 560 µl of absolute ethanol was added. 

 

4.3.1.2 Binding 
A QiaAMP filter plate was inserted into a 96-well plate (1.2 ml, Eppendorf). Subsequently, 

the filter plate was placed under a small transparent plastic bridge (Figure 15) with one 

hole of the size of one well in the plate. All other at a moment unused wells apart from 

a working well were covered and protected from contamination by the transparent surface 

of the bridge. The volume of 800 µl of lysed liquid was applied onto the QiaAMP filter plate 

through the hole. By shifting the plastic bridge, all wells were filled. After filling all 
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positions, the filter plate was covered by a microporous tape sheet (AirPore Tape sheets, 

Qiagen). 

 

Figure 15. Using of the transparent plastic bridge. The collection plate with the filter plate is 
under the transparent surface of the bridge and the hole is set above the currently used 
sample column. The photo was provided by prof. Cinek. 

 

4.3.1.3 Washing 
The filter with bound nucleic acids was moved on a new collection plate and 400 µl of AW1 

buffer was applied into each position of the filter plate. After further centrifugation, 400 µl of 

AW2 buffer was added and the plate was centrifuged again. Then, the filter was placed on 

a new 96-well plate.  

4.3.1.4 Elution 
After application of 110 µl of AE solution (with AVE already inside) into each position, the 

plate was centrifuged to get the first elution. The eluted plate was covered by an aluminium 
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foil and put into the fridge until further manipulation (within two days). The second elution 

was prepared similarly as the first elution and frozen. 

4.3.2  Detection of viruses by PCR methods 
Testing for enterovirus RNA was performed in one-step real-time PCR and for adenovirus 

DNA in one-step PCR described in detail earlier (Cinek et al. 2006). Enterovirus was tested in 

15µl volume (containing 2 µl of tested nucleic acid elution) using the QuantiTect Probe       

RT-PCR Kit (Qiagen, Hilden, Germany) and 900 nmol/l primers and 300 nmol/l probes 

designed for enterovirus. The amplified genome section was conserved 5´ UTR region. These 

primers and probes react with an equal sensitivity to Enterovirus A—D species and do not 

react with human rhinoviruses (Honkanen et al. 2013). The amplification had to occur before 

the PCR cycle 35 and the positivity cut-off was set to 10 copies/µl. Amplification of WNV (the 

layout of the PCR plate is shown in Figure 16) was carried out in 8µl volume without 

duplicates as was described before (Cinek et al. 2006), sequences of primers and probes 

were taken from Briese et al. (Briese et al., 2002). Adenovirus was tested in a 15µl volume 

(containing 2 µl of each tested sample). Amplification was performed using primer sequences 

designed by Claas et al. (Claas et al. 2005) and Echavarria et al. (Echavarria et al. 1998) 

targeting the 3´end of the hexon gene (Claas et al. 2005). The positivity threshold was the 

same like in the case of enterovirus. Reactions were performed on Biorad CFX384 cycler. 
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Figure 16. Layout of a 384-well plate for real-time (RT-)PCR testing. Enterovirus and 
adenovirus were tested in duplicates. In addition, the quality of extraction was evaluated by 
the PCR quantification of an internal exogenous control, West Nile Virus (WNV), highlighted 
in green. As seen in the first quadrant, WNV nucleic acid from the most of samples was 
extracted equally, thus the extraction was mostly successful and not inhibited. From one of 
our analyses. 

4.3.3 Virus genotyping 
Genotyping was an essential tool to investigate whether specific virus types are associated 

with celiac disease. Also, sequencing was crucial in deciding on whether the infection is new 

or prolonged within individual clusters of serial samples. It is necessary, because 

adenoviruses and enteroviruses can persist in stool and be shed for a time period longer than 

one month. Thus, we need to distinguish successive infections caused by different serotypes. 

Compared to the protocol for adeno- and enterovirus detection, which was already               

pre-established (Cinek et al. 2006) and is mentioned above, the method for virus genotyping 

was optimized during my lab work. Therefore, the procedure is described in more detail. In 

addition, our paper published by Cinek et al. in 2018 (Cinek et al. 2018) and detailed 

supplementary protocols of described methods are attached in the last chapter "Appendix, 

Paper II, Supplementary materials of paper II". 



29 

 

 

The procedure consisted of several steps:  

1. amplification of the informative region, using tailed primers 

2. PCR products pooling 

3. indexing, which provides the fragments with indices and adapters  

4. equalization of library quantities 

5.  massive parallel amplicon sequencing 

6. computational analysis 

 

Firstly, the presented protocol was evaluated on 44 isolates of adenoviruses and 30 isolates 

of enteroviruses having known genotypes. To verify the ability to distinguish multiple 

infections, specimens containing two different adenovirus or enterovirus genotypes were 

prepared in several different ratios. The protocol was then applied on fecal samples 

originating from the MIDIA study. 

 

4.3.3.1 Adenovirus 
Adenovirus genotyping was carried out by sequencing of the seventh hypervariable region of 

its hexon gene using a mixture of ten forward and six reverse primers (depicted in Figure 17), 

which were designed in program Genious 8.1.8 (https://www.geneious.com) as illustrated by 

Figure 18. Virus specimens subjected to genotyping had the minimum quantity threshold set 

as 10 copies/μl.  
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Figure 17. Design of adenovirus primers. Plain typeface nucleotides of primers represent the 
specific parts for individual adenovirus genotypes. Used primer sequences surround the 
seventh hypervariable region of adenovirus hexon gene. PCR products are all in the same 
frame. Published in Cinek et al. 2019. 

 

 

Figure 18. Creation of adenovirus primer designs in program Genious 8.1.8. Primers 
surround the hypervariable region of the hexon gene. Each primer set targets a specific 
adenovirus subtype. 
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4.3.3.1.1     PCR amplification of the seventh hypervariable portion of 
hexon gene 

The reaction of 20 μl contained: 

• 2 μl of extracted nucleic acid 

• 1 μM of forward primers (10 primers in an equimolar ratio) 

• 1 μM reverse primers (6 primers in an equimolar ratio) 

• 2.5mM MgCl2 

• 0.2mM each dNTP 

• 1 U HotStar Taq polymerase (Qiagen, Hilden, Germany). 

 

The PCR program:  

  95°C 15 min  initial denaturation 

              45 cycles of: 

  94°C 45 min  denaturation 

  55°C   1 min  annealing 

  68°C    1 min  synthesis 

 

                          68°C    5 min  final synthesis 

 

 

4.3.3.2 Enterovirus 
Genotyping of enterovirus was done by reverse transcriptase PCR of VP1 gene. The protocol 

was optimalized according to the previously published one (Nix et al. 2006). Primers were 

redesigned in order to increase the variability spectrum of detected enteroviruses (depicted 

in Figure 19) (Cinek et al. 2018). Only samples with the virus load over 100 copies/μl were 

genotyped. 
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Figure 19. Design of enterovirus primers. Plain typeface nucleotides of primers represent the 
specific parts for individual enteroviral genotypes. Used primer sequences surround the 
proximal part of enterovirus VP1 region. PCR products are all in the same frame. Published in 
Cinek et al. 2019. 

4.3.3.2.1 PCR amplification of the proximal portion of VP1 gene 
Firstly, reverse transcriptase PCR was performed. The reaction mixture of 10 μl for each 

sample consists of: 

• denatured primer mix Nix-RT, each primer at final concentration of 1 pmol 

• 1x First-strand buffer 

• 0.005 M DTT 

• 20 U per reaction of RNAsin 

• 100 U per reaction of reverse transcriptase 

• dNTP with 250μM final concentration of each nucleotide type 

• 5 μl of extracted RNA 

Primer mix Nix-RT was denatured for 5 min. at 65°C and then chilled on ice. Still on ice, 

remaining components were added. The mixture was vortexed. Extracted 5 μl of samples 

were pipetted into their respective positions of a 96-well plate. The plate was incubated at 

65°C for 5 min. and promptly then chill on ice. Previously prepared RT was added à 5 μl.  

 

 

 



33 

 

The RT-PCR program was: 

  22°C 15 min  primer annealing 

  50°C 45 min  reverse transcription 

  70°C 15 min  inactivation of reverse transcriptase 

  10°C  forever       storage 

 

The first round of PCR was almost performed as in the previously published protocol (Nix et 
al. 2006). The reaction mixture of 25 μl for each sample contains: 

• 15.25 μl of water 

• 1x buffer 

•  25 mM MgCl2 

• 20 μM of NIX224 primer  

• 20 μM of NIX222 primer (Nix. et al. 2006) 

• dNTP with 200μM final concentration of each nucleotide type 

• 1.25 U per reaction of HotStar polymerase 

• 2.5 μl of cDNA from the previous step 

 

The 96-well plate was subjected to the PCR program:  

  95°C   15:00 min initial denaturation 

           40 cycles of: 

  94°C  0:30 min denaturation 

  42°C  0:30 min annealing 

  60°C     1:00 min  synthesis 

 

  60°C    2:00 min      final synthesis 

              15°C      forever     storage 

 

After PCR, 15 μl of samples were diluted with 5 μl of a blue dye and the PCR product was 

checked by electrophoresis. Remaining 10 μl was used in the second round of PCR. 
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The second round of PCR was more optimalized in comparison with the protocol published 

by Nix et al. Promega GoTaq G2 Hot Start polymerase chemistry was used.  

The reaction volume consists of: 

• 2 μl of the first round product that was diluted with water in a ratio 1:5 

• 1 μM of forward primers (four primers in an equimolar ratio) 

• 1 μM of reverse primers (5 primers in an equimolar ratio) 

• 2.5mM MgCl2 

• 0.2mM of each dNTP 

• 1X Green Go Taq Flexi Buffer 

• 0.5 U Taq polymerase 

 

The second round PCR was performed at: 

  95°C    2:00 min denaturation 

           40 cycles of: 

  95°C  0:15 min denaturation 

  55°C  1:00 min annealing 

  72°C     0:45 min  synthesis 

 

  72°C   5:00 min      final synthesis 

              10°C      forever      storage 

 

4.3.3.3 PCR products pooling 
The PCR amplified fragments of adenovirus and enterovirus were controlled by 

electrophoresis. If a sample was positive for both adenovirus and enterovirus, the sample 

was pooled together. Purification was performer by Ampure XT (Beckman, Brea, CA). To 

wash primer dimers out and to promote binding of longer chains, the ratio of the magnetic 

particles to PCR product ratio was set to 0.8:1.  
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4.3.3.4 Indexing 
By a short PCR reaction of eight cycles, indices and adapters were added to fragments.  

The volume of 15 μl consists of: 

• 1.5 μl primer 1, with either of 24 indices N701‐N729 

• 1.5 μl of primer 2, with either of 16 indices S502‐S522 (Nextera XT Index Kit, Illumina; 

USA) 

• 3 μl of the purified product from the previous round 

• 1X KAPA HiFi HotStart Ready Mix (Sigma‐Aldrich, Roche, Basel, Switzerland) 

 

The PCR program of indexing reaction contained:  

                      95°C  3:00 min initial denaturation 

                8 cycles of: 

           95 °C  0:30 min denaturation 

           55 °C        1:00 min  annealing 

                       72 °C        0:30 min  synthesis 

 

Purification was performer by using a 1:1 ratio of PCR products and magnetic beads (Ampure 

XT, Beckman, USA) to eliminate artifacts.  

 

4.3.3.5 Equalization of library quantities 
Using the KAPA library quantification kit (Roche), PCR products were quantified by real-time 

PCR. Then, the samples were equalized to the same concentration each and pooled. The total 

final concentration was 2 nmol/l. Finally, the library was checked for concentration on 

a Bioanalyzer High Sensitivity DNA chip (Agilent, Santa Clara, CA). 
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4.3.3.6 Massive parallel amplicon sequencing 
An Illumina MiSeq instrument was used for sequencing (Illumina; Germany). 

 

4.3.3.7 Computational analysis 
The pipeline was derived from VIPIE pipeline (Lin et. al 2017). The sequencing reads of low-

quality were eliminated and trimmed to remove their low‐quality ends. The maximum length 

of a read could be 250 bp. The left and right reads were merged. Overlapped left and right 

enterovirus reads produced a 347bp long amplicon. Adenovirus amplicon had 321 bp. 

Subsequently, amplicons were mapped to a reference panel of adenovirus or enterovirus 

known genotypes. The proportion of amplicons that were caught by an individual reference 

were expressed in percents of the total signal. The multiple infections were defined as 

a presence of more viruses with the positivity threshold set as 3 % of the total signal.  

4.4 Statistical analysis 
Firstly, the association of viruses with celiac disease was evaluated by a mixed effects logistic 

regression model regarding the clustered case-control matched design with longitudinal data 

containing repeated measurements. Logistic regression serves to model binary outcome 

variables (healthy/unhealthy), thus may be used to predict the risk of developing a disease 

on the basis of characteristics of the patient (age, sex, number of siblings, exposure to risk 

factors…). It is a kind of generalized estimated models.  

The mixed models refer to a model regarding both random effects and fixed effects (Katz 

2006). The data were analyzed in Stata program version 12 (https://www.stata.com/, 

2.2.2019) by German Tapia, PhD. from our collaborating Norwegian Institute of Public Health. 

The adenovirus and enterovirus data were analyzed independently on each other. Virus 

positivity of stool samples was included as the dependent variable and case-control status 

was evaluated as an independent variable. The odds ratio for celiac disease status is 

calculated as the odds of a fecal sample being positive for virus given that it came from 

a future case, compared with the same odds for virus positivity for samples from matched 

controls. The calculation was made with regard to the potential predictors of CD and viral 

https://en.wikipedia.org/wiki/Random_effect
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infection and was adjusted for relevant variables such as family history of CD, season of 

sample collection, number of siblings, age, age squared and sex.  

In order to avoid reverse causality, only stool samples before the CD antibody seroconversion 

in matched clusters were included in the primary analysis as was pre-planned. A sequence of 

consecutively virus positive fecal samples was considered as a single episode, which means 

a negative stool sample was required before a new episode. Further analyzing investigated 

the link between these viruses of interest in stool samples and the time periods during or 

after the CD seroconversion time period. Besides, infections with reported symptoms or long 

infectious episodes or infections of high virus quantities (≥100 000 copies per one μl of 

nucleic acid) were investigated. In addition, documented infectious symptoms from regular 

parental questionnaires were assessed and their association with the development of CD 

serologic markers was investigated. 

Furthermore, the analysis was adjusted for weaning, the time of gluten introduction and also 

for T1D. The adjustment was performed by restriction of the analysis only on those infections 

occurred after the end of weaning or by restriction only on infections after the gluten 

introduction. In the case of adjustment for T1D, calculated results coming from children with 

T1D were compared with those without T1D and the difference was smoothed. 

Exploring virus types, enteroviruses were clustered into Enterovirus A-D species and 

adenovirus into specific types like human adenovirus C1, C2, C3, because almost all positive 

samples were identified as Human adenovirus C. 
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4.5 Materials 

4.5.1 Chemicals 
 Manufacturer 
 10% Armored WNV Ambion Diagnostics; USA 
Agencourt® AMPure® PCR Purification System Beckman Coulter Genomics; USA  
DNA marker 
dNTP (5 mM of each) 
Enterovirus Armored RNA  

Biotech; Czechia 
Qiagen; Germany 
Ambion Diagnostics; USA 

GelRedTM Nucleic Acid Stain 10 000x in water Biotium; USA 
GoTaq® DNA Polymerase Kit Promega; USA 
HotStarTaq DNA Polymerase Kit Qiagen; Germany 
KAPA Library Quantification Kit 
Nextera XT Index Kit v2 Set A, set D 

Roche; USA 
Illumina; CA 

QIAamp Viral RNA Mini Kit 
QuantiTect Probe RT-PCR Kit  

Qiagen; Germany 
Qiagen, Hilden, Germany 

PCR (injection) water Braun; Germany 
RNasin® Ribonuclease Inhibitors Promega; USA 
SeaKem® LE Agarose Lonza; USA 
SuperScript III Reverse Transcriptase Invitrogen; USA 

 
 

 

4.5.2 Laboratory equipments 
 Manufacturer 
1,5ml test tubes 
2.0ml tubes 

Eppendorf; Germany 
Biosphere SafeSeal 2.0 ml; Germany 

96-well PCR plates Applied Biosystems; USA 
Adhesive PCR Plate Foils Termofisher; Germany 
Agencourt® SPRIPlate 96R ring magnetic plate Beckman Coulter Genomics; USA 
Hard-Shell® 384-Well PCR Plates Biorad 
LightCycler® 480 Sealing Foils Roche 
LightCycler® 480 Multiwell Plates 384 Roche 
pipette filter tips (DNAase, RNAase, ATP free) Sarstedt; Germany 
Plate Deepwell 96 wells 2000 µl Eppendorf 
Sealing foil, for 96-well plates Eppendorf 
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 Manufacturer 
2100 Bioanalyzer Instrument Agilent, USA 
3130xl Genetic Analyzer Applied Biosystems; USA 
7300 Real Time PCR system Applied Biosystems; USA 
AccuBlock Digital Dry Bath Labnet International; USA 
Biohazard box EF/S 6 
Bioanalyzer High Sensitivity DNA Chip 

Clean Air Techniek; Netherlands 
Agilent; CA 

Camera OLYMPUS SP500uz Olympus; Japan 
Centrifuge B4i Jouan; Francie 
Centrifuge MiniSpin plus Eppendorf; Germany 
Centrifuge Universal 320R 
CFX 384 Real-Time Cycler 

Hettich Zentrifugen; Germany 
Biorad; Germany 

Electrophoresis Power Pac P25 T 
Illumina MiSeq instrument 

Biometra; Germany 
Illumina; Germany 

LightCycler® 480 Instrument II Roche, Basel; Switzerland 
MiSeq sequencer Ilumina; USA 
pippettes Eppendorf; Germany 

Thermo – Finnpipette; Finland 
Thermo – Matrix; USA 

Robot Biomek 3000 Beckman Coulter; USA 
Robot Biomek 4000 Beckman Coulter; USA 
Termocycler Labcycler Sensoquest; Germany 
Termocycler Mastercycler pro S Eppendorf; Germany 
Transilluminator TFX-26MC Vilber Lourmat; France 
Vortex MS1 Minishaker IKA Werke & Co; Germany 
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6 RESULTS 

6.1 Enterovirus 
Enterovirus was present in 370/2135 (17 %) stool samples (Table 2, Table 3). The overview of 

all enterovirus-positive samples is in Figure 20. Prior to the development of celiac disease 

markers, there were 84/429 (20 %) enterovirus positive stool samples in cases and 129/855 

(15 %) in matched controls, which resulted in adjusted odds ratio (aOR) 1.49 (95% CI 1.07 to 

2.06; P=0.02). The adjusted odds ratio for prolonged infections (more than two months) was 

2.16 (95% CI 1.16 to 4.04; P=0.02) and 2.11 (95% CI 1.24 to 3.60; P=0.01) for specimens of 

high virus load (>100 000 copies/μl) (Table 4). There was no significant difference in 

enterovirus frequency during or after development of celiac disease markers in comparison 

between cases and controls.  

Enterovirus frequency was dependent on age and season (Figure 23). Almost all followed 

children (73/75 individuals) have at least one enterovirus positive stool sample.  

In total, 309/370 (83.5 %) enterovirus positive samples had data on enterovirus types. The 

genotyping failed in 20 specimens. The most frequent enterovirus species was Enterovirus A, 

which was significantly associated with the later development of celiac disease antibodies 

(aOR = 1.62, 95% CI 1.04 to 2.53; P=0.03), similarly Enterovirus B (OR = 2.27, 95% CI 1.33 to 

3.88; P=0.003). In total, the most often observed genotype was Coxsackievirus A2 (CV-A2) (13 

% of genotyped specimens), which was detected also as dual infection with CV-A5 or E-25. 

The second the most frequent genotype was CV-A4 that was found in 10 % of enterovirus 

positive samples. Enterovirus infections occurred most often as infections of a single 

enterovirus type. Coinfections of more enterovirus types within the same genus was 

documented in 5 % of enterovirus-positive samples. Examples of succession of dual infection 

episodes in children are shown in Figure 24. 

Enterovirus positivity during weaning was not associated with the later celiac disease (aOR 

0.78, 95% CI 0.34 to 1.79; P=0.56). However, enterovirus infections after the end of weaning 

were associated (aOR 1.80, 95% CI 1.17 to 2.78; P=0.01). Enterovirus infections before 

introduction of gluten consumption were not associated with celiac disease (aOR 0.75, 95% 
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CI 0.34 to 1.79; P=0.65), whereas infections after the gluten introduction were related (aOR 

1.52, 95% CI 1.05 to 2.20; P=0.03) (Table 5). Detection of enterovirus infections in 

combination with recorded fever was associated with the subsequent development of celiac 

disease (aOR 2.12, 95% CI 1.16 to 3.85; P=0.01), as well as enterovirus infections in 

combination with reported diarrhea ( aOR 3.62, 95% CI 1.14 to 11.49; P=0.03) (Table 6).  

 
Figure 20. The graph illustrating enterovirus positivity of all studied stool samples. On the   
x-axis, the age of children in months is plotted. The y-axis shows 25 clusters of a matched 
case and two controls. The virus quantity is distinguished by shades of orange.  
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Table 2. The number of enterovirus positive stool samples in cases and controls before, 
during and after seroconversion. “Before” means the period prior the last celiac disease 
negative blood sample. Enterovirus species A and B are mentioned. Enterovirus C and 
Enterovirus D were not frequent enough, thus they are not depicted in this table. “During” 
covers the period after the last CDA negative sample and the first CDA positive sample. 
“After” represents the sampling period after the first CDA positive blood sample. Graphically, 
aORs are showed. Significant results in enterovirus frequency between cases and controls 
were obtained before the seroconversion period, with the P value 0.02 for all enterovirus 
infections, 0.03 for species Enterovirus A and 0.003 for Enterovirus B. Adapted from Kahrs, 
Chuda et al. 2019. 
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Serotypes Samples (N) 
Percent of total 

samples  
(2 135 samples) 

Percent of all enterovirus infections 
(a cut-off of  

100 copies/µl) 

Enterovirus A 172 8.1 46.5 

CV-A2 41 1.9 11.1 

CV-A4 30 1.4 8.1 

CV-A5 16 0.7 4.3 

CV-A6 24 1.1 6.5 

CV-A8 2 0.1 0.5 

CV-A10 22 1.0 5.9 

CV-A12 1 0.0 0.3 

Figure 4.  The proportion of enterovirus positive samples depending on a child´s age. 
Published in Kahrs, Chuda et al. 2019. 
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CV-A14 1 0.0 0.3 

CV-A16 22 1.0 5.9 

EV-A71 15 0.7 4.1 

Enterovirus B 139 6.5 37.6 

CV-B1 12 0.6 3.2 

CV-B2 19 0.9 5.1 

CV-B3 11 0.5 3.0 

CV-B4 9 0.4 2.4 

CV-B5 12 0.6 3.2 

CV-A9 17 0.8 4.6 

E-3 3 0.1 0.8 

E-6 5 0.2 1.4 

E-7 2 0.1 0.5 

E-9 10 0.5 2.7 

E-11 8 0.4 2.2 

E-13 1 0.0 0.3 

E-18 9 0.4 2.4 

E-25 19 0.9 5.1 

E-30 6 0.3 1.6 

Enterovirus C 4 0.2 1.1 

CV-A1 3 0.1 0.8 

CV-A22 1 0.0 0.3 

PV-2 1 0.0 0.3 

Enterovirus D 0 0 0 

Table 3. Enterovirus serotypes detected within the sample set. In total, 370/2135 (17 %) 
stool samples were positive, from which 309 provide genotyping data. Coinfections were 
noticed in 5.8 % positive samples. The infection by poliovirus PV-2 is highlighted in yellow. 
Likely, the poliovirus positivity is an artifact from the vaccination. Published in Kahrs, Chuda 
et al. 2019. 
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Cases Controls Adjusted 

 
Positives (n)/Total (N) samples (%) 

Odds ratio 

(95% CI) 
P value 

Main analysis 84/429 (20) 129/856 (15) 1.49 (1.07 to 2.06) 0.02 

Long infections 

(≥2 positive sequent 
samples) 

22/367 (6) 27/755 (4) 2.16 (1.16 to 4.04) 0.02 

High-quantity infections  
(≥100 000 copies) 28/429 (7) 33/856 (4) 2.11 (1.24 to 3.60) 0.01 

Infectious episodes 55/400 (14) 95/822 (12) 1.27 (0.87 to 1.86) 0.21 

Table 4. Overview of the number of enterovirus infectious episodes, high-quantity 
infections and long infections prior to the development of celiac disease antibodies. 
Adjusted for sex, age, number of siblings, celiac disease family history, age squared and 
season of sample collection. Published in Kahrs, Chuda et al. 2019. 
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 Cases Controls Adjusted 

Positives (n)/Total (N) samples 
(%) 

Odds ratio  
(95% CI) 

P value 

Main analysis 84/429 (20) 129/856 (15) 1.49 (1.07 to 2.06) 0.02 

Samples 3 to 6 months of age 7/87 (8) 18/174 (10) 0.44 (0.14 to 1.37) 0.16 

Samples 6-12 months of age 17/155 (11) 42/302 (14) 0.66 (0.30 to 1.46) 0.30 

Samples ≥12 months of age 67/231 (29) 83/463 (18) 1.97 (1.33 to 2.93) 0.001 

Prior to gluten introduction 7/64 (11) 9/113 (8) 0.75 (0.21 to 2.63) 0.65 

At gluten introduction  

(samples ±1 month of gluten 
introduction) 

4/37 (11) 13/70 (19) 0.42 (0.11 to 1.61) 0.21 

After gluten introduction 66/298 (22) 99/587 (17) 1.52 (1.05 to 2.20) 0.03 

While breastfed 18/163 (11) 42/369 (11) 0.78 (0.34 to 1.79) 0.56 

After end of breastfeeding 55/199 (28) 83/455 (18) 1.80 (1.17 to 2.78) 0.01 

After end of breastfeeding and 
gluten introduction 

55/195 (28) 71/383 (19) 1.83 (1.19 to 2.81) 0.01 

Table 5. Data on enterovirus positivity, breastfeeding and gluten introduction. Presented 
samples belong to the period before CDA seroconversion. Adjusted for sex, age, number of 
siblings, family history of celiac disease, age squared and season of sample collection. The 
significant results are highlighted. Published in Kahrs, Chuda et al. 2019. 

 

Association enterovirus 
and simultaneous 

symptoms 

Reported symptoms/ Total 
samples (N) Adjusted odds ratio (95% CI) P value 

Any symptom 696/2119 0.97 (0.88 to 2.52) 0.14 

Fever 418/2136 1.10 (1.16 to 3.85) 0.01 

Diarrhea 163/2120 3.62 (1.14 to 11.49) 0.03 

Common cold 422/2121 1.00 (0.51 to 1.97) 0.99 

Table 6. Summary of detected enterovirus infections and reported symptoms. Analyzed by 
logistic regression. All symptoms of infections were taken into consideration and evaluated 
for the period starting two weeks prior to and ending two weeks after the monthly stool 
sampling. The significant association of infections and fever is highlighted as well as the 
association of infections and reported diarrhea and. Published in Kahrs, Chuda et al. 2019. 
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6.2 Adenovirus 
Adenovirus was detected in 258 of 2006 (13 %) fecal samples. The frequency of adenovirus 

infections depended on age. The most common serotypes were human adenovirus C1 and C2 

(Table 7, Table 8). In total, 61/75 (81 %) children had at least one positive stool sample 

during the first three years of life. Adenovirus infections were associated with fever but no 

other common symptoms (Table 9). Seasonal pattern was not evident (Figure 23). 

Adenovirus infections were not associated with celiac disease. Adjusted OR was 0.82 (95% CI 

0.49 to 1.38; P=0.46) for adenovirus positive stool samples before the celiac disease 

development. No significant differences in adenovirus frequency were observed during or 

after the CD development. No adenovirus types were associated with the development of 

celiac disease (Table 7). 

In total, 301 samples containing adenovirus DNA were subjected to genotyping by massive 

parallel amplicon sequencing. Genotyping failed in nine samples. Detailed commented 

overview is given in Table 8. Examples of individual succession of infections in children are 

shown by Figure 24. 
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Table 7. The proportion of adenovirus positive stool samples in cases and controls before, 
during and after CD seroconversion. The numbers of positive/total stool samples are shown. 
The results from the mixed effects logistic regression (depicted as adjusted odds ratios) are 
given for the cases and controls at three different time periods. “Before” means the period 
prior to the last celiac disease negative blood sample. Adenovirus species HAdV-C1, HAdV-C2 
and HAdV-C5 are depicted in detail. HAdV-C2 dominated in our sample collection. “During” 
covers the period after the last CDA negative sample and the first CDA positive sample. 
“After” represents the sampling period after the first CDA positive blood sample. Graphically, 
adjusted odds ratios (aORs) are showed. The aORs were calculated from the model of mixed 
effects logistic regression adjusted for relevant variables such as sex, age, number of siblings, 
celiac disease family history, age squared and season of sample collection. Evidently, there 
are no significant differences in adenovirus frequency between cases and controls comparing 
three, previously defined, time periods. Adapted from Kahrs, Chuda et al. 2019. 
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Figure 5. Distribution of adenovirus positive samples depending on a child´s age. Published 
in Kahrs, Chuda et al. 2019. 

 

 

Serotypes Samples (N) Percent of total samples 
(2006 samples) 

Percent of all adenovirus 
infections (a cut-off of  

10 copies/ µl) 

HAdV-C1 102 5.1 39.5 

HAdV-C2 109 5.4 42.2 

HAdV-B3 17 0.8 6.6 

HAdV-A31 8 0.4 3.1 

HAdV-F41 9 0.4 3.5 

HAdV-C5 24 1.2 9.0 

HAdV-C57 1 0.0 0.4 

Table 8. Adenovirus serotypes detected in the whole sample set. Coinfections with two 
HAdV serotypes were observed in 18 adenovirus positive samples, which means 0.9% of 
positive samples. Published in Kahrs, Chuda et al. 2019. 
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Figure 23. Seasonality of enterovirus and adenovirus infections. There is an obvious 
seasonal variation with a peak in autumn for enterovirus infections, whereas adenovirus 
infections have no clear seasonality. Published in Kahrs, Chuda et al. 2019. 

 

Association adenovirus 
and simultaneous 

symptoms 

   

Any symptom 644/1992 1.26 (0.93 to 1.70) 0.13 

Fever 396/2006 1.62 (1.22 to 2.16) <0.01 

Diarrhea 149/1992 1.11 (0.67 to 1.85) 0.68 

Common cold 388/1994 1.11 (0.77 to 1.61) 0.58 

Table 9. Summary of detected adenovirus infections and reported symptoms. Analyzed by 
logistic regression. All symptoms of infections were taken into consideration and evaluated 
for the period starting two weeks prior to and ending two weeks after the monthly stool 
sampling. The significant association between infections and fever is highlighted. Published in 
Kahrs, Chuda et al. 2019. 
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Figure 24. Four examples of children with simultaneous or prolonged infections in their 
consecutively taken stool specimens. Enterovirus is depicted in blue, adenovirus in red.        
A: two long-term and dual adenovirus and also enterovirus positivity in a child. B: Another 
example of simultaneous long-term infections. C: A long-term HAdV-2 followed by           
HAdV-31infection. D: Dual echovirus (abbreviated as "E") infections in two serial samples. 
Published in Cinek et al. 2018. 

 
Overall, 50 samples were positive for both adenovirus and enterovirus. In total, 28 % of 

followed children under three years of age have gone through at least one dual infection of 

virus types belonging to the same genus. 
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7 DISCUSSION 

7.1 Enterovirus and adenovirus in the pathogenesis of celiac 
disease 

We found a significant association between enterovirus exposure and subsequent increased 

risk of celiac disease.  

Previously published studies had a suboptimal design. Concerning the association of 

enteroviruses and CD, there was the lack of studies in general.  Although enterovirus has 

been speculated to be involved in the development of immune-mediated diseases such as 

type 1diabetes (Tapia et al. 2011), its pathogenic effects in CD was not investigated. In 2012, 

Sarmiento et al. investigated the significant association of the presence of TGA and HEV 

infection and supports its involvement in the development of TGA, a CD biomarker. However, 

the study was cross-sectional and limited by its small sample size of 20 individuals (Sarmiento 

et al. 2012). In 2012, Mercalli performed enterovirus-specific RT-PCR of small intestine 

biopsies and measured anti-enterovirus antibodies in blood of 27 CD cases and 21 controls. 

However, the study was cross-sectional and found no increased risk of CD (Mercalli et al. 

2012). Enterovirus infections could be able to increase the gut permeability (Vorobjova et al. 

2017, Li et Atkinson, 2015), that is likely at the beginning of CD pathogenic processes (Visser 

et al. 2009).  

Our finding is supported by the gradient in the effect: high titer of enterovirus and prolonged 

infections showed stronger association with CD. Temporal sequence of events was also clear: 

no association was observed for infections after the seroconversion period - this speaks 

against reverse causality. It is therefore likely that enterovirus infection is truly linked to CD, 

either causally, or through yet unknown confounder. 

Our data do not support any strong associations between adenoviruses and celiac disease, 

which is coherent with the previous studies. The recent larger investigation of 80 CD patients 

and 8 healthy controls did not detect any association of adenoviruses and CD (Tarish et al. 

2016), which is in line with previous studies (Mahon et al. 1991, Lawler et al. 1994). All 

previously performed studies were cross-sectional, without evaluation of potential 
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confounders and we have to keep in mind the significant observed involvement of 

adenoviruses in CD by Kagnoff et al. (Kagnoff et al. 1987) that was not confirmed by others. 

Interestingly, adenovirus positivity was observed in 13 % of all stool samples of cohort 

children under the three years of age, whereas dual infections were detected in around 5 % 

of all adenovirus-positive stool samples, although the assumption should be 13 % again. The 

lower prevalence of the second infections is explainable by the antiviral milieu of already 

infected tissue, which is commonly observed effect of virus interference. However, we can 

assume slightly higher real frequency of multiple infections than observed 5 %, due to MIDIA 

sampling design and due to potential loss of some viral subtypes during lab processing (PCR 

amplification with a certain rate of randomness) or potential throwing some reads out during 

bioinformatic analysis. Noteworthy, children´s gut with simultaneous infections might serve 

as a milieu for recombinant events between viruses within the same genus. At minimum one 

dual infection was confirmed at more than a fourth of followed children up to their 3 years of 

age (Cinek et al. 2019).  

7.1.1 Strengths of the study 
We were the first to use a correct longitudinal design of the study, and to adjust for known 

confounders.  

The study is unique in its robustness and longitudinal design with precise regular sampling, 

which provides complex information. Large, complex design and regularly taken samples 

represents extraordinarily valuable data. Only longitudinal studies can provide reliable 

information on environmental risk factors and can eliminate the chance of reporting bias. Its 

prospective nature enables to diminish the risk of reverse causality and careful 

documentation of children´s health characteristics in the combination with uniquely complex 

study design provide the adjustment for potential high reliability of results.  

Also, generally accepted diagnostic criteria ensure the correct determination of CD status 

and no control subject is expected to be an undiagnosed case.  
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Because the viruses of interest can be shed for approximately three weeks, monthly sampling 

enables to detect most of these infections. The PCR methods used for detection of viruses 

provides the ability to uncover the vast majority of otherwise asymptomatic infections of the 

gut and also provide information on virus load. Observed virus prevalence and distribution 

are in line with the previous investigations (Cinek et al. 2006). 

Because Sanger sequencing cannot distinguish simultaneously present virus types in one 

sample and requires the presence of high virus quantity, next generation amplicon 

sequencing was performed. By massive parallel amplicon sequencing, we genotyped viruses 

directly from clinical samples without confusion of non-viral stool nucleic acids. We were 

able to detect simultaneous virus infections within one phylogenetic genus. 

7.1.2 Limitations of the study 
First of all, only participants with genotype HLA DR3-DQ2/DR4-DQ8 were included. These 

heterozygotes might react differently to the studied infections than carriers of other 

predisposing genotypes, notably of the HLA-DR3-DQ2/DR3-DQ2. Thus, we cannot outright 

generalize to all CD cases. In future studies, inclusion of further risk haplotypes could be 

considered (Tinto et al. 2015). Nevertheless, the cost-effectiveness would be likely lower due 

to the lower overall CD risk when more genotypes will be used for defining the cohort. In 

addition, the present study was focused on children, and the pathogenesis of CD developing 

in adulthood may be different. 

Another limitation could be that children were followed by sampling from the three months 

of age, thus the earliest infections during the first three months of life is not covered.  Also, 

some CD seroconversions occurred after the stool sampling period of three years, which 

implies that we have not covered by stool sampling the period of "during" and "after" 

development of CDA in blood.  

Despite the high robustness of the study, the results are restricted by a relatively small 

sample size, which was used within some specific sub-analyses. Also, the reliability is more 

likely diminished because infections with a shorter shedding period could be undetected by 

used sampling scheme. 
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We have to keep in mind that the observed association is mild, thus the reverse causality 

cannot be absolutely excluded in spite of the significance of observed effects. However, 

owing to the prospective nature of the survey, the reverse causality is very unlikely. 

The celiac disease study consists of children with fewer siblings and higher prevalence of T1D 

compared to the whole MIDIA cohort. Nevertheless, it most likely does not influence the 

exposure-outcome associations. 

We cannot exclude that future CD cases had mucosal barrier damage prior to CD 

development, which increase their susceptibility to enterovirus infections as well as the 

susceptibility to initiate the production of anti-TG2 autoantibodies. However, in that case, 

a similar amount of enterovirus infections would also occur after the CD development.  

In addition, increased anti-TG2 levels are not totally specific signs of CD (Elitsur et al. 2016) 

and can result from other physiological changes, for instance, some infections can be 

accompanied by increased anti-TG2 levels (Farrace et al. 2001, Garcia-Peris et al. 2018). 

However, the detection of high anti-TG2 levels in several consecutively taken blood samples 

likely is not caused by this reason.  

7.2 Interpretation 
Presented findings can have several explanations. One of the explanations could be that 

children with more infections have an increased chance of later CD because of a stronger 

immune system stimulation can cause more easily the induction of autoimmune processes 

(Tighe et Beattie 2019). 

Generally, we can hypothesize that enteroviruses may provide a danger signal that induce 

immune reactions such as activation of CD4+ gluten reactive T-cells or promotion of APCs to 

present available antigens (gliadins) to T-cells. Mouse models using reovirus infections 

aspired to describe the mechanistic pathways by which a virus can cause the loss of oral 

tolerance and initiate Th1 immunity to gluten (Bouziat et al. 2017). Thus, enterovirus may 

follow a similar pattern of pathogenesis. 
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Another explanation could be that increased frequency of enteroviruses is just a sign of a yet 

unknown risk factor (a confounder) with a true impact on the CD pathogenesis. However, it is 

unlikely because of the enterovirus frequencies between cases and controls after the 

development of CD autoimmunity are not significantly different. 

Another remark is related to the potential temporal separation between the disease 

initiating event and the appearance of CD markers in blood. Our data shows that such 

a period, during which the risk infections are accumulating, and which is followed by a slow 

precipitation of intestinal tissue by immune processes, exists. The potential latent period 

between the environmental triggers and the CD manifestation can be illustrated by 

phenomenon observed by Mårild et al. (Mårild et al. 2015): children later diagnosed with CD 

had a significantly impaired growth relatively long before the CD diagnosis. That can be 

explained by a variety of reasons and we cannot be sure about their true causality. In CD 

patients, there could be the unique factor that influence the slower growth as well as the 

higher risk of later CD (depicted in Figure 25). We have to keep in mind this potentially 

uncovered CD physiology. 

 

 

Figure 25. The scheme depicting causality. Inspired by the illustration made by C.R. Kahrs, 

MD, PhD. 
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7.3 Future prospects 
Further investigations in other cohort studies are required to corroborate our observations.  

Challenge of further investigations could be the proper detection of infections with shorter 

shedding period or lower frequency such as rotavirus, which has been suggested as a CD risk 

factor (Stene et al. 2006). 

Appropriate CD animal model is currently lacking. Available animal models cannot develop 

CD with the same phenotype as humans. For instance, transgenic mice carrying the human 

HLA DQ2 or -DQ8 alleles do not develop full CD, which could be explained by the lack of 

further genetic or environmental factors. Thus, our knowledge on the immune processes is 

restricted and there is an essential requirement of functional studies (Tye-Din et al. 2018). 

Nonetheless, mice have been used for studying potential therapies (Rossi et al. 2017). 

Additionally, it has been shown in mice that CVB vaccine can protect against T1D 

development (Hyöty et al. 2018). In 2014, investigators have published the study in mouse 

models, in which they have tested vaccine´s safety and efficacy in prevention of T1D. Focus 

on enterovirus serotypes associated with CD can lead to the development of the appropriate 

vaccine for CD prevention intervention studies. Nowadays, no commercially available non-

polio enterovirus vaccine exists. Vaccination against enterovirus in children in high risk of 

celiac disease could figure as the option in the future (Kahrs, Chuda et al. 2019, Hyöty et al. 

2018). But first, the role of enteroviruses in the CD pathogenesis need to be elucidated by 

further studies. Currently, we are expecting the results of the same associations 

“enteroviruses-CD” from the large neonatal TEDDY cohort , which is the largest study in the 

world investigating environmental triggers of CD and T1D with over 26 000 participants 

(Lernmark 2016, Kim et al. 2019).  

If our findings will be confirmed by others, intervention studies could take place. Up to now, 

there are no conclusive recommendation for CD risk groups of individuals. However, the data 

from the MIDIA cohort have given valuable hints.  

The MIDIA collection of samples have been also used to study the association of CD and 

parechovirus and anellovirus infections, which are able to be reliably caught and evaluated 
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by the MIDIA study design, because of their relatively long shedding period. Unfortunately, 

rotavirus infections, which are considered as a relevant candidate in CD triggering, cannot be 

properly evaluated within the MIDIA study. Rotavirus has a short shedding period, thus there 

is no chance to precisely detect this virus due to monthly stool sampling scheme. 

Regarding NGS methods, we can expect the ongoing trend of their price reduction and more 

affordable sequencing of CD risk candidate viruses. Because we have detected dual infections 

within one genus in relatively high frequency (6 % of all available samples), we can aim to 

elucidate their potential recombination events. Our future attention will be also focused on 

the whole-genome sequencing of identified enteroviruses within the MIDIA study. Because 

we have got the unique collection of samples, we can also aim to identify the specific 

genome regions responsible for the triggering of the immune pathology. As described, 

different enterovirus serotypes can have different tropism and can be associated with 

different clinical manifestation (Jing-Yi et Shin-Ru 2014). Thus, we can hypothesize there may 

be a specific enterovirus type or its part responsible for triggering of CD pathology. 
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8 CONCLUSION 
Exposure to enteroviruses in early childhood may increase the risk of later celiac disease, 

while adenovirus does not. This is the first prospective population-based cohort study 

investigating the associations between celiac disease and two most frequent human gut 

viruses, adeno- and enteroviruses. Further studies are warranted to evaluate the clinical 

significance and corroborate our findings. New insights into celiac disease pathogenesis could 

provide the opportunity to intervene in CD risk patients and could help in order to prevent 

celiac disease. 
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