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Abstract

Abstract
Celiac disease (CD) is a chronic small intestinal immune-mediated enteropathy
triggered by gluten. The only currently available treatment is complying with a
lifelong gluten-free diet, which should not be commenced before a CD diagnosis has
been established by diagnostic test results (including histopathologic assessment of
small intestinal biopsies and CD-specific antibody levels). This makes diagnostic
swiftness and accuracy important. In cases with low CD-specific antibody levels
and/or low-grade intestinal injuries the diagnosis can be difficult to establish. The
main objective of this thesis was to complement and improve CD diagnostics by
identifying and implementing new biomarkers, mainly based on gene expression, in
small intestinal biopsies and blood. In paper I, genes were selected to reflect villous
height, crypt elongation, immune response, and epithelial integrity. The results
showed that a subset of those genes could discriminate active CD mucosa from
mucosa without CD-related changes and grade the intestinal injury. In paper III, an
unbiased investigation of gene expression in CD mucosa was performed using
transcriptome analysis. Active CD and non-CD mucosa showed differential
expression in a subset of genes, and some were differentially expressed in CD mucosa
before histopathologic assessment could confirm intestinal alterations compatible
with a CD diagnosis. Gene set analysis revealed that there are many biological
processes affected in CD mucosa, including those associated with immune response,
microbial infection, phagocytosis, intestinal barrier function, metabolism, and
transportation.
In parallel, gene expression was investigated in stabilised whole blood. Blood is a
more accessible sampling material than intestinal biopsies, and stabilised blood is
suitable for routine diagnostics since transcript levels are preserved at sampling. In
paper II, expressions from a selection of genes were quantified in stabilised whole
blood (RNA) and/or plasma (protein). Three genes with differential expression in CD
were identified. Compared to the CD-specific autoantibodies against tissue
transglutaminase (anti-TG2) alone, the addition of the information from the new
potential markers resulted in a non-significant contribution to the diagnostic capacity
of anti-TG2. An unbiased investigation using transcriptome analysis (paper IV)
showed that gene level expression differences in stabilised whole blood were small
between CD and non-CD. However, expression differences on a gene set level could
potentially be used in CD diagnostics. CD-associated biological processes suggested
i
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by the results included a pro-inflammatory response, negative regulation of viral
replication, proliferation, differentiation, cell migration, cell survival, translation, and
haemostasis.
Expression analysis using real-time polymerase chain reaction (PCR) is easy to
perform, with instrumentation available at most clinical laboratories. Although select
solitary biomarkers could be very useful in the diagnosis of CD, basing gene
expression profiles on pathway information instead of single genes might also
disclose disease heterogeneity between patients and add stability to a diagnostic
method based on gene expressions.
In conclusion, the results of this work demonstrate that analysing the expression
of a few small intestinal genes can complement CD diagnostics. The application of
gene expression analysis in cases with minor small intestine histopathological
changes shows promising results, but needs further investigations. Additionally, gene
expressions in other inflammatory diseases of the small intestine need to be
investigated and compared with CD to complete the picture. Moreover, the findings
from this work give clues about the biological contexts in which CD resides, and the
potential of gene expression in blood at a gene set level is of interest for further
investigations.
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Sammanfattning

Biomarkörer vid celiaki
Glutenintolerans (celiaki) är en kronisk sjukdom där gluten som finns i vete, råg och
korn ger inflammation och skadar tunntarmen. Personer med celiaki bör undvika
gluten för att tarmen ska läka, men prover som visar att det är celiaki måste tas innan
start med glutenfri kost. Därför är det viktigt att provtagning och analys kan utföras
snabbt och ge säkra svar.
I dagens celiakidiagnostik mäter man antikroppar i blodet och en patolog kan titta på
prover från tunntarmsväggen för att hitta skador som vid celiaki. Ibland är
tarmproverna svåra att bedöma eller antikroppsnivåerna låga, och då kan det vara
svårt att ställa en säker diagnos. I ett försök att komplettera och förbättra
diagnostiken vid celiaki undersökte vi om nivåer av proteiner och/eller
ribonukleinsyra (RNA, ett mellansteg mellan DNA och protein) i tunntarmsprover
och blod kunde användas som diagnostisk metod.
Resultat från studien
RNA-nivåer i tunntarmen kunde spegla viktiga delar av patologens bedömning av
tunntarmsproverna, och nivåerna varierade med graden av skada i tarmen. Analys av
tarmprover från individer med celiaki och aktiv sjukdom och de utan celiaki visade
att det fanns många RNA med olika nivåer mellan dessa grupper. För några RNA
kunde vi se en nivåskillnad redan innan de typiska celiakirelaterade tarmskadorna
kunde fastställas av patologen. Det resultatet är dock baserat på mycket få individer
(4 st) och måste undersökas i en större grupp innan några slutsatser kan dras.
Analysens utformning gav även möjlighet att titta på vilka biologiska processer i
tunntarmen som påverkades vid celiaki, och resultaten inkluderade bl. a.
inflammation, infektion, tarmens barriärfunktion och metabolism.
Vi undersökte även RNA och proteinnivåer i blod. Blod innebär en enklare
provtagning än en tunntarmsbiopsi vilket gör det lättare att använda analysen både
för diagnos och för uppföljning av celiaki. Resultaten från analysen visade att inga
enstaka RNA eller proteiner som vi mätte kunde matcha förmågan hos de
antikroppar som idag används för celiakidiagnostik. Resultaten visade dock att
biologiska processer som t ex inflammation, negativ kontroll av virusförökning,
blodstillning, samt blodcellers tillväxt, förflyttning, specialisering och överlevnad kan
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vara påverkade vid celiaki. Att analysera för skillnader i biologiska processer istället
för enstaka RNA kan ge ökad stabilitet till en diagnostisk metod.
Slutsats
Resultaten från studien visar att analys av ett fåtal RNA i tunntarmsprover kan
användas som ett tillägg till dagens diagnostiska metoder för celiaki. Vi har dock
ännu inte undersökt om RNA-nivåerna i tunntarm hos individer med celiaki är lika
eller skiljer sig från individer med andra sjukdomar i tarmen. Detta behöver
undersökas vidare, liksom potentialen för analys av RNA i blod baserat på biologiska
processer.
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Introduction

Introduction
Celiac disease (CD) is an immune-mediated systemic disorder with gluten as the
trigger, and is associated with various combinations of clinical manifestations, small
intestinal enteropathy with reduced villous height, crypt hyperplasia, infiltration of
the epithelial layer by intraepithelial lymphocytes (IELs), and CD-specific antibodies1.
CD diagnostics include detection of CD-specific antibodies in the blood,
histopathologic assessment of small intestine characteristics, and typing of genetic
predisposing factors (human leukocyte antigen [HLA]-DQ2 and DQ8). Although
patients may be asymptomatic, characteristic CD symptoms include e.g., diarrhoea,
chronic abdominal pain, malabsorption, iron-deficiency anaemia, and stunted
growth1.
When this project was initiated in 2009, the diagnostic procedure for CD always
included a histopathologic assessment of intestinal biopsies performed by a
pathologist2. Assessments performed on the same small intestinal biopsy specimens
by different pathologists do not always agree3,4, and they can be hindered by technical
difficulties such as suboptimal orientation of biopsies5,6. Moreover, minor intestinal
alterations that can be associated with other pathologies7 can complicate CD
diagnostics. Between 1973 and 2009, there was an average annual increase in CD
incidence of 4% in Swedish children8. Everything considered we saw a need for a
more accessible analysis of CD characteristics in intestinal biopsies that could be
performed using equipment available at most clinical laboratories, reflecting both
important characteristics of the histopathologic assessment and other aspects of CD
pathogenesis. Therefore, we wanted to investigate the utility of measuring gene
expression levels in intestinal biopsies as a CD diagnostic tool. Gene expression
profiling shows potential as a robust test for classification purposes with high
interlaboratory reproducibility9,10, and gene expression analysis is currently used in
clinical diagnostics11. The initial idea was to reflect important elements in the
histopathologic assessment using the expression of a selection of genes. In search of a
method to reduce the need for an intestinal biopsy in CD diagnostics, we also
investigated whether gene expression (RNA/protein) in blood could be used as a
complement in the diagnostic procedure for CD and in the follow-up of patients on a
gluten-free diet (GFD). CD-specific blood-based antibodies do not strongly correlate
with mucosal healing, possibly due to their long half-life and the fact that they reflect
the immune response rather than direct intestinal damage12. However, the analysis of
-1-
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a few genes gives limited information compared to an unbiased investigation of gene
expression using ribonucleic acid (RNA) sequencing. As the project progressed,
characterisation of all purified RNA from CD mucosa and blood was performed to
investigate the involvement of CD in different biological processes and find potential
CD biomarkers. Because the CD population is genetically heterogenic and under the
influence of gluten and possibly other environmental factors13, it could be difficult to
reflect the disease spectrum using a few biomarkers. The characterisation of gene
expressions with an unbiased method like RNA sequencing could offer insights into
CD pathogenesis, provide information to guide the development of CD biomarker
panels, and by extension suggest pharmacological targets in the treatment of CD.

-2-

Celiac disease

Celiac disease
CD can be defined as a ‘chronic small intestinal immune-mediated enteropathy
precipitated by exposure to dietary gluten in genetically predisposed individuals’14. It
manifests with symptoms such as diarrhoea, abdominal pain, and malabsorption, but
also by more atypical symptoms such as iron deficiency, osteoporosis, short stature,
and infertility15. Sometimes there are no recognisable symptoms. CD was described as
early as 1888 by Samuel Gee16, and the possibility to treat the disease by excluding
wheat was suggested by Dicke et al. in 195317. The associations of active CD with
antibodies directed against gliadin18 and endomysium (EMA)19, and autoantibodies
against tissue transglutaminase (anti-TG2)20 were established in the second half of
the 20th century.
In CD-affected individuals, gluten ingestion unleashes an inflammatory response.
Events associated with active CD usually include production of antibodies against
deamidated gliadin (anti-DG), EMA, and anti-TG2; an inflamed small intestine with
reduced villous height, crypt hyperplasia, and IEL infiltration of the epithelial layer;
and a diverse range of symptoms1. CD diagnostics are based on histopathologic
assessment of small intestine characteristics, detection of CD-specific antibodies in
the blood, and genotyping of the predisposing HLA-DQ2 and DQ8. The genetic
profile is important in the risk of developing CD, as indicated by the concordance rate
in monozygotic twins, which was estimated at 0.49 in a recent study including
107,000 twins21. The concordance rate for dizygotic twins was estimated at 0.10.

Epidemiology
In Europe the prevalence of CD is ~1% (with large inter-country variability)22, but can
reach as high as 3%, as reported in a cohort of 12-year-old Swedish children born in
199323. This birth year is included in the ‘Swedish CD epidemic’, which happened
during 1984 to 1994, when the CD incidence in Sweden increased from an average of
65 cases per 100,000 person years to 198 cases per 100,000 person years in children
younger than 224. In a study performed in the Swedish county of Östergötland, the
incidence rate in children younger than 2 years old was 301 new cases per 100,000
person years in 199425. After this period, the CD incidence in Sweden decreased to
approximately the same levels as before the epidemic24. Additionally, a prevalence as
high as 1/256 could be calculated for healthy adult blood donors based on a 1992
screening study by Grodzinsky et al.26. The higher CD incidence in the ‘Swedish CD
-3-

Celiac disease
epidemic’ was partly attributed to a change in national recommendations regarding
gluten introduction and consumption24. Recent studies indicate that neither delayed
introduction of gluten nor breastfeeding has any effect on CD risk among at-risk
infants27,28. However, a later introduction of gluten delays disease onset27.
Recommendations

from

ESPGHAN

(the

European

Society

for

Paediatric

Gastroenterology Hepatology and Nutrition) regarding gluten introduction and risk
for CD in children were published in 2016. They state that gluten may be introduced
anytime between 4 and 12 months of age, but large amounts of gluten should be
avoided in the first weeks after gluten introduction and during infancy, since amount
of ingested gluten may be associated with CD risk29.
The average CD incidence has increased by about 4% every year in Swedish
children between 0 and 14.9 years of age from 1973 to 2009, from ~10 cases per
100,000 person years in 1973 to 42 cases per 100,000 person years in 2009, and the
median age at diagnosis has increased from 1.0 year in the 1970s to 6.8 years in
20098. CD is an increasingly common diagnosis, and establishment of a CD diagnosis
is more common for females than males30. However, the difference seems less
pronounced in screening-based studies31,32. More recent and local data on incidence
rate were presented in a study including children in the Swedish county of
Östergötland25. The 2013 rate was 50 new cases per 100,000 person years for
children and adolescents below 18 years of age. CD prevalence is higher in children
with conditions such as type I diabetes, Down syndrome, and autoimmune thyroid
disease33.

Genetics
All vertebrates possess a major histocompatibility region (MHC), a large multigenic
region containing the genes for the MHC class I and II molecules that have
considerable allelic polymorphism34. There are three classic MHC class I molecules
(HLA-A, -B, and -C) and three MHC class II molecules (HLA-DR, -DQ, and -DP).
Both MHC class I and II molecules present protein-derived peptides: MHC class I
molecules to CD8+ cytotoxic T cells and MHC class II molecules to CD4+ T helper
cells.

-4-
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HLA-DQ2.5 in cis
DQA1*0501

HLA-DQ8
DQB1*0201

DQA1*03

DQB1*0302

HLA-DQ2.5 in trans
DQA1*0505

Figure 1. Simplified illustration of the

DQB1*0301

haplotypes most strongly associated with CD
(HLA-DQ2.5 and HLA-DQ8).
DQA1*0201

DQB1*0202

MHC class II molecules HLA-DQ2 and HLA-DQ8 are necessary, but not
sufficient, for CD development35,36. Most CD patients express HLA-DQ2.5, either on
the same haplotype (cis), as DQA1*0501/DQB1*0201, or in trans, with DQA1*0505
on one haplotype and DQB1*0202 on the other37 (Fig. 1). Some express HLA-DQ8
(DQA1*0301/DQB1*0302) (Fig. 1). Although both HLA-DQ2 and -DQ8 are
associated with CD, the risk is higher for individuals with the DQA1*05/DQB1*02
haplotype. CD risk gradients based on HLA type have been calculated38,39.
In Western Europe, the allele frequencies of HLA-DQ2 and -DQ8 are ~5–20%
and 5–10%, respectively40. In a screening study of Swedish 12-year-olds, all children
eventually diagnosed with CD carried HLA-DQ2/8 compared with 53% of the non-CD
controls31. Despite this high general prevalence of HLA-DQ2/8 and the fact that most
people are exposed to gluten, not all (~1%) develop CD30.
The HLA locus is estimated to account for close to 40% of CD heritability41.
Genome-wide association studies (GWAS) and extensive follow-up studies42-48 have
identified a total of 42 non-HLA loci49 that contribute to the heritability of CD.
Despite these efforts to identify factors responsible for heritability, only ~55% of the
genetic risk factors have been identified (HLA and non-HLA loci)50. Many of the
candidate genes present in non-HLA loci are associated with immune response, and
some with intestinal barrier function51. Most of the identified CD-associated single
nucleotide polymorphisms (SNPs) are located in non-exon, intergenic regions51. The
CD risk loci are enriched for SNPs that affect gene expression (expression
-5-
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quantitative trait loci, eQTL), and could in that way influence CD susceptibility45.
This is further discussed in the chapter on gene expression (pp. 15–16).
Genetic studies of autoimmune and inflammatory diseases, including CD,
indicate that these diseases have common genetic risk factors37,52. Diseases that share
risk loci with CD include rheumatoid arthritis, type 1 diabetes, systemic lupus
erythematosus, multiple sclerosis, psoriasis, ulcerative colitis, and Crohn’s disease37.
Some risk loci are shared by many of the diseases, whereas others are more specific
for CD49.

Environmental factors
Although CD has a strong genetic component, it is a multifactorial disease13. Gluten is
a known environmental trigger, and it seems that there are individual variations in
what amount of gluten can be tolerated by CD-affected individuals53. Gluten is found
in food sources such as wheat, rye, and barley54. The major wheat protein fractions
are gliadin and glutenin, where the proline- and glutamine-rich gliadins are the
principal toxic components for CD-affected individuals. The counterparts in rye and
barley are called secalins and hordeins, respectively.
The intestinal microbiota seems to play a role in CD pathogenesis55, and the
interplay between viral or bacterial infections and CD has also been studied56. These
factors, together with genetics, might influence why some people develop CD in
childhood, and some as adults. It has been proposed that a number of factors, which
considered separately do not cause CD, when combined in different ways lead to the
development of disease37,57. This concept of a spectrum of disease susceptibility
considers what HLA genes and non-HLA genetic susceptibility markers the individual
carries, as well as exposure to environmental stressors37. Based on these factors, the
introduction (and amount) of dietary gluten could provoke CD in infant years, later in
life, or not at all.

Effects of celiac disease in the small intestine
Gluten ingestion induces inflammation and alters small intestine mucosa in
individuals with CD. The small intestine consists of three sections: the duodenum,
jejunum, and ileum58. Although CD might affect all parts of the small intestine, CDassociated alterations are mainly found in the first part, the duodenum, and the
adjacent jejunum59. The duodenal bulb is the most proximal end of the first part of
the duodenum60. In this first part of the duodenum, the mucosa is flat and smooth,
-6-
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whereas the more distal parts display Kerckring folds, which are circular or
semicircular folds of the small intestine wall.
The small intestine wall consists of five layers: mucosa, submucosa, circular
muscularis, longitudinal muscularis, and serosa61. Kerckring folds increase the small
intestine absorption surface, together with projections from the surface termed villi.
The first mucosa layer is epithelial cells situated above the lamina propria, which is a
loose coat of predominantly reticular connective tissue, within which thin fibres of
smooth muscle radiate from the muscularis mucosae (circular muscularis and
longitudinal muscularis) to the villi tips. The lamina propria also contains terminal
branches of blood vessels, central lacteal or lymph vessels of the villi, and nerve
fibres. In the submucosa, which is made up of collagen connective tissue, there are
numerous blood and lymphatic vessels. The outermost components are the two
muscle layers and the serosa of the small intestine.
In CD diagnostics, mucosa is assessed by a pathologist using sections of intestinal
biopsies. The most common way of extracting biopsies is by pinch biopsy, using
biopsy forceps during upper endoscopy, although suction capsule biopsies are
occasionally performed62. Pinch biopsies are about 4 to 8 mm in length and generally
include the layers down to the muscularis mucosae.

Intestinal mucosa
The intestinal epithelium is organised into crypts and villi63 (Fig. 2). The crypts of
Lieberkühn contain proliferating cells (transit-amplifying cells) that originate from
stem cells at the bottom of the crypt. These cells migrate upwards while proliferating
and then terminally differentiate. There are four types of differentiated cells in the
mucosal epithelium: absorptive enterocytes, mucous-secreting goblet cells, hormonesecreting enteroendocrine cells, and innate immunity-related Paneth cells. The first
three cell types cover the villi, while Paneth cells reside at the crypt bottom.
Terminally differentiated cells (except for Paneth cells) continue the upward
migration, and undergo spontaneous apoptosis as they are shed into the lumen when
they reach the villus tip. Protrusions called microvilli are found on the apical side of
the fully differentiated enterocyte64. These are quite uniform in height with a highly
ordered packing and can increase small intestine surface area by 9–16 fold.
A normal small intestinal mucosa has villi with intermittent crypts (villous height
to crypt depth ratio 3:1 to 5:1) and only a few IELs (<25 per 100 enterocytes)65, but in
CD these characteristics are altered. CD-related changes that occur in the small
-7-
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intestine were graded by Marsh in 199266, and later the modified Marsh scale was
proposed by Rostami et al.67 and Oberhuber et al.68. The modified scale includes the
categories Marsh 0 (normal mucosa); Marsh 1 (IEL infiltration); Marsh 2 (IEL
infiltration and crypt elongation); and Marsh 3A, 3B, and 3C (mild, marked, and total
villous blunting, respectively, together with IEL infiltration and crypt elongation)
(Fig. 2). The lamina propria normally contains a mixture of plasma cells,
lymphocytes, and occasional eosinophils and macrophages65, but in CD there is a
massive influx of inflammatory cells consisting largely of plasma cells and
lymphocytes69.

Marsh 0

Marsh 3C
Villi

No villi

Crypts

Elongated
crypts

Figure 2. A simplified illustration of the characteristics of Marsh grade 0 (normal mucosa) and
Marsh grade 3C mucosa, based on the modified Marsh scale. In Marsh grade 0, there should be villi
and crypts with a ratio of 3:1 to 5:1. In Marsh grade 3C, the villi are blunted, and the crypts are
elongated. A few IELs (less than 25 per 100 enterocytes) are present in Marsh grade 0, while in
Marsh grade 3C there is IEL infiltration.

Gluten
Some ingested peptides are more resistant to hydrolysis by intestinal peptidases,
including the proline-rich gliadins in gluten70. These peptides have been shown to be
suitable substrates for tissue transglutaminase (TG2) deamidation70. TG2 is an
enzyme found in the normal small intestinal mucosa; it has many functions including
stabilisation and remodelling of the extracellular matrix and regulation of cell death,
differentiation, and apoptosis71. It requires calcium binding for activation and
-8-
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functions by catalysing covalent protein crosslinking and transamidation or
deamidation processes. The cross-linked products created with the help of TG2 are
highly resistant to mechanical challenge and proteolytic degradation.
Deamidation by TG2 converts non-charged glutamine residues in the gliadin
peptides into negatively charged glutamate residues (Fig. 3)72. This increases the
binding affinity for positively charged pockets in HLA-DQ2 and DQ8 on antigenpresenting cells such as dendritic cells. HLA-DQ2.5 recognises more gluten epitopes
than DQ8, which could explain the higher CD risk for individuals with HLA-DQ2.572.

Pathogenesis
The key steps of CD pathogenesis are outlined in Fig. 3. The first line of defence in the
duodenum consists of mucus layers, with an underlying single layer of epithelial cells
forming the luminal lining73. The epithelial cells are connected by tight junctions and
adherens junctions that control the paracellular route over the epithelium73. In CD,
the immune response-activating gliadin peptides most likely travel through the
epithelial cells by endocytosis74 but might also travel the paracellular way75. In a study
by Lundin et al., HLA-DQ2-restricted gluten-specific CD4+ T cells could be induced
by gluten stimulation of CD intestinal biopsies76. When gliadin peptides are taken up
and presented by antigen-presenting cells to gluten-specific CD4+ T cells in the
context of HLA-DQ, the T cells become pro-inflammatory and home to the small
intestinal lamina propria where they serve as effector T cells36. These cells produce
pro-inflammatory cytokines that can promote cytotoxic IEL activation.
IELs are made up of a mixture of CD8+ αβ T cells and non-MHC restricted αβ or
γδ T cells73. The numbers of IELs in the epithelium are increased in active CD77, and
interleukin (IL)-15 upregulation has been identified in the epithelium and lamina
propria of CD patients78. Under the influence of IL-15, the IELs express high levels of
activating natural killer cell receptors like NKG2D and CD94/NKG2C57. The ligands
for these receptors, MIC and HLA-E, are upregulated on intestinal epithelial cells in
active CD57. Interactions between these receptors and ligands lead to IEL-mediated
lysis of epithelial cells. Active CD is also characterised by a massive influx of plasma
cells into the lamina propria, and anti-TG2 and anti-gluten antibodies are
produced37. This response is most likely assisted by the gluten-specific CD4+ T cells,
but the mechanism is not fully elucidated.
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Figure 3. A simplified illustration of key steps in CD pathogenesis.
APC, antigen-presenting cell; IEL, intraepithelial lymphocyte; HLA, human leukocyte antigen;
TCR, T cell receptor; TG2, tissue transglutaminase.

Effects of celiac disease in blood
Blood is composed of erythrocytes, platelets, and leukocytes suspended in plasma79.
The main leukocyte types are neutrophils, lymphocytes, monocytes, eosinophils, and
basophils. The ratios between different types of immune cells in the blood can vary
between individuals, depending on age, and in disease80.
The presence of anti-TG2 in the blood is indicative of CD81. CD-specific antibodies
include anti-TG2, anti-DG, and EMA1. In 1997, the autoantigen of EMA was
identified as TG282.
Gluten challenge of CD patients on a GFD induces gluten-specific HLA-DQ2
restricted CD4+ T cells in peripheral blood83.
Haematological manifestations of CD include anaemia, thrombocytosis and
thrombocythemia,

leukopenia,

thromboembolism,

tendency84.
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Extra-intestinal manifestations of celiac disease
There are many different manifestations of CD in children, and they are not confined
to the small intestine85. Examples include short stature, delayed puberty,
osteoporosis, liver and biliary disease, headaches, behavioural changes, and
psychiatric disorders. Additionally, dermatitis herpetiformis presents as a skin rash
with deposits of immunoglobulin (Ig) A found in the skin85. The rash disappears with
a GFD. This condition is however rare in children85.

Celiac disease diagnostics, treatment, and follow-up
Histopathology
The changes that occur in CD can be evaluated by a pathologist who examines small
intestinal biopsy sections and often grades the injury according to the modified
Marsh scale, which is recommended by ESPGHAN for grading of histopathologic
alterations associated with CD1. Simplified classifications have been proposed, mainly
classifying intestinal biopsies based on IELs and the presence/absence of villous
shortening, with a separate group for total absence of villi structures3,86. This
approach seems to improve the interobserver reproducibility3. The original Marsh
scale did not include a subdivision of Marsh 366, and Marsh et al. do not agree with
the subdivision of Marsh 3 into A, B, and C87.
The ability to make a correct histopathologic assessment can be hindered if too
few biopsies are available for interpretation, as this decreases the chances of catching
a patchy enteropathy but also lowers the likelihood of finding assessable areas in the
biopsies (at least 3 or 4 consecutive villous-crypt units visualised in their entirety and
arranged in parallel)65. Other factors include poor biopsy specimen orientation,
making it difficult to assess villus and crypt status, and Brunner’s artefact, where
Brunner glands cause artefactual villi distortion. Brunner glands are found in the
duodenal submucosa, going through the muscularis mucosae and opening into the
crypts60. They are more common and denser in the proximal parts of the duodenum,
decreasing in size and number toward the distal section.
Interobserver variation between pathologists assessing the same intestinal biopsy
specimens has been investigated and showed fair to substantial agreement3,4. Most
disagreements were found for Marsh 1–3B, but some also involved normal mucosa3.
Before 1990, three intestinal biopsy samplings were recommended by ESPGAN
(now termed ESPGHAN) to confirm gluten sensitivity. First a primary biopsy on
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gluten-containing diet (GD), followed by a biopsy taken during GFD to confirm
mucosal recovery when gluten had been withdrawn, and finally, a third biopsy on a
gluten challenge to confirm that gluten was the factor causing the mucosal injury2. In
1990, the criteria were revised and only required one biopsy if the samples showed
characteristic CD histopathology and clinical improvement was seen within a few
weeks of a strict GFD2. The response to a GFD cannot be assessed in asymptomatic
patients, so a control biopsy was still considered necessary in those cases.
Biopsies (≥4) for the histopathologic assessment in CD diagnostics should be
sampled, preferably during upper endoscopy, from the second or third portion of
duodenum, and it is recommended to include at least one biopsy from the bulb1.

Antibody levels
Anti-gliadin antibodies are associated with CD and have been used in CD
diagnostics2. The sensitivity and specificity of assays for anti-gliadin antibodies,
however, were not sufficient to exclude the intestinal biopsy from the diagnostic
flow88, and anti-gliadin antibodies are not included among those that are currently
considered CD specific (anti-TG2, anti-DG, and EMA)1. Today, detection of IgA antiTG2 is usually the first step toward a CD diagnosis1. For studies including only
patients with Marsh 3 histopathology, the sensitivity of IgA anti-TG2 is high (94.6%),
but if patients with Marsh 1–2 histopathology are included, the sensitivity decreases
(88.4%)81. The anti-TG2 specificities in studies including Marsh 3, or Marsh 1–3
histopathology, are comparable (96.6% and 94.9%, respectively). Raising the cut-off
for anti-TG2 improves specificity. The positive predictive value of anti-TG2 levels
>10 times the upper limit of normal (ULN) in EMA-positive symptomatic children is
very close to 100%, and reaches 100% in children for whom malabsorption is one of
the symptoms89. The sensitivity of anti-TG2 is decreased in children younger than
18 months90. In this age group, anti-gliadin antibody levels could aid in the
identification of active CD cases90,91. Selective IgA deficiency is associated with CD92.
There are, however, IgG-based tests available for the detection of anti-TG2, as well as
for anti-DG81.
Among patients with infection, transient anti-TG2 positivity can be induced
independently of gluten93. This can also occur in patients with newly diagnosed type 1
diabetes94.
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HLA typing
Since HLA-DQ2 or DQ8 are present in almost all CD patients35, but also in many
non-CD individuals, HLA-DQ2/DQ8 typing is mainly utilised to exclude CD as a
diagnosis1.

Current recommended diagnostic flow
In the most recent ESGPHAN recommendations, there are two different approaches
for the diagnosis of CD: one for symptomatic children and one for asymptomatic
children at high risk for CD1. For the symptomatic children, the diagnosis of CD
without a small intestinal biopsy is suggested for those with anti-TG2 levels >10 times
ULN since the likelihood of a Marsh grade 3 histopathology is high in these cases. For
a CD diagnosis to be established without an intestinal biopsy, the presence of HLADQ2 or DQ8 and antibodies against EMA should be verified. Symptoms should also
improve on a GFD, further enforcing the diagnosis. However, recent results have
shown that analysis of HLA-DQ2/DQ8 presence might not be necessary to establish a
non-biopsy proven diagnosis if the other requirements are fulfilled89. In symptomatic
children with anti-TG2 1–10 times ULN, intestinal biopsies should be sampled and
show Marsh grade 2 or 3 to establish a CD diagnosis1. Marsh 0 or 1 results are
classified as unclear cases and warrant further investigation. In HLA-DQ2/DQ8positive asymptomatic children with positive anti-TG2, the CD diagnosis should
always be verified by intestinal biopsies, where Marsh grade 2 or 3 justifies a CD
diagnosis and Marsh 0 or 1 constitutes unclear cases. Negative anti-TG2 does not
warrant further investigations into a possible CD diagnosis except in cases with e.g.,
selective IgA deficiency, age below 2 years, low gluten intake, or severe symptoms. In
cases with IgA deficiency, levels of IgG anti-TG2, IgG anti-DG, or IgG EMA should be
determined.
Since symptoms, antibodies, and CD-associated enteropathy should disappear
after starting a GFD, it is of utmost importance not to start a GFD before blood
samples, and if needed, intestinal biopsies have been retrieved and analysed and a CD
diagnosis has been confirmed1.
As symptoms of CD can be varying15, or even absent14,26, the initial assessment
can be complex. Furthermore, histopathologic assessment can indicate low-grade
intestinal injuries, a state which can be caused by factors other than CD7.
Additionally, the diagnosis is sometimes hard to determine due to a patchy lesion
distribution95 or presence of Brunner glands in the small intestinal biopsies, which
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may cause artefactual distortion of the villi65. On a more technical basis, other
difficulties include poor biopsy quality or suboptimal orientation of biopsies prepared
for histopathologic assessment5,6. Furthermore, the amount of gluten an individual
with CD consumes together with the amount of gluten they can tolerate53 can affect
enteropathy and CD-specific antibody levels. Increased levels of CD-specific
antibodies can be found without enteropathy14.

Celiac disease treatment
Currently, the only effective treatment for the majority of CD patients is a strict GFD1.
A few adult-onset CD patients do not respond to a GFD (refractory CD)57. Other
potential CD treatments are being investigated, and include genetic modification of
grains to decrease immunogenicity, co-polymeric binders that keep gluten in the
intestinal lumen, hydrolysis of gluten peptides to generate smaller peptides with less
immunogenicity, and vaccines to induce tolerance to gluten96.

Celiac disease follow-up
The tools used for diagnosis of CD (CD-specific antibodies and intestinal biopsies) are
less useful for measuring GFD compliance12. Using biopsies to monitor diet
compliance over time would be impractical, expensive, and invasive, but CD-specific
antibodies are not very well correlated with mucosal healing, possibly due to their
long half-life and that they reflect the immune response rather than direct intestinal
damage12. A meta-analysis of anti-TG2 and EMA in the follow-up of CD patients on a
GFD indicates that the tests have low sensitivity for detecting persistent villous
atrophy97. Additionally, small or infrequent exposures to gluten are not reflected by
serological tests12. Other potential ways to monitor diet compliance include faecal
calprotectine or serum/plasma levels of intestinal fatty acid binding protein or
citrulline12. Measuring gluten immunogenic peptides in faeces or urine is another
potential tool that has the added potential to detect occasional gluten exposure12.

Conditions with intestinal symptoms similar to celiac disease
Conditions other than CD that could cause villous atrophy include autoimmune
enteropathy,

common

variable

immunodeficiency,

graft-versus-host

disease,

inflammatory bowel disease (IBD), and tropical sprue, sometimes in combination
with increased IEL counts65. Causes of increased IEL counts with intact villi include
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Helicobacter pylori-associated gastroduodenitis, medications, infections, and
immune dysregulation65.
There is also a condition termed non-celiac gluten sensitivity where symptoms
(intestinal and extra-intestinal) arise if gluten is ingested and cease when gluten is
withdrawn, but without CD-typical enteropathy or serology98.

Gene expression
Gene expression varies considerably depending on time and place in the body as well
as sex, and can be altered in disease99. The same regulatory mechanisms are available
to almost all cells in the human body, and utilisation of these can create differential
expression. The expression of a messenger RNA (mRNA) can be influenced at the
level of initiation of transcription but also by posttranscriptional processing99. The
initiation of transcription involves many factors such as promoters, which are
deoxyribonucleic acid (DNA) sequences that guide the RNA polymerase to the correct
starting point, and transcription factors, which are proteins that bind the promoter
and are necessary for the RNA polymerase to recognise a promoter as a starting
point. Transcription initiation involves many other enhancing and suppressing
factors to enable fine tuning of gene expression. After transcription, non-coding
sequences (introns) present in the produced pre-mRNA are removed in a process
termed RNA splicing. This process can yield transcripts with different numbers of
exons (alternative splicing), which affects the subsequent protein sequence.
At any given position in the genome, a base can be substituted for another base in
a portion of a population. If the frequency of such a single base exchange in a given
population is ≥1%, it qualifies as a SNP100. The presence of SNPs or other genetic
variations in protein-coding sequences can in a few cases lead to differences in
protein function, which might induce disease100. Most of the genetic variation,
however, is found outside of the protein-coding sequences101, for example in
transcription-regulating sequences such as promoters. As previously mentioned, the
identified risk loci in CD are enriched in SNPs that affect gene expression (eQTLs)
and are mostly found in non-protein-coding regions. Withoff et al.49 compiled a list of
112 eQTL genes in 32 non-HLA loci from eQTL studies in CD based on peripheral
blood lymphocytes (PBMCs), thymus tissue, monocytes, dendritic cells, and small
intestinal biopsies. They advise that interpretation of eQTL data derived from tissues
composed of several different cell types should be done with care since eQTLs can
exhibit cell- and tissue-specific effects.
- 15 -
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Studies of thousands of gene expressions are often performed by microarray or,
more recently, by RNA sequencing. Microarrays have been used to characterise the
gene expression in CD compared with controls both in whole biopsies102-104 and
isolated epithelial cells105. RNA sequencing has been utilised to characterise
expression in CD4+ T cells from CD patients compared with controls106. CDassociated pathways identified in studies of the transcriptional changes were
compiled in a recent review107, and the main findings were summarised as an
aggravation of the immune response and dysregulation of signalling and cell cycle
pathways.
A study of protein expression in CD mucosa using sections of formalin-fixed
paraffin-embedded (FFPE) small intestinal biopsies and liquid chromatography-mass
spectrometry with label-free protein quantitation108, comparing the same patients at
diagnosis and after a period of GFD, showed enrichment of several immune response
processes and a response to endoplasmic reticulum stress in active CD. Enrichment
for multiple processes related to nutrient metabolism and enterocyte function were
found after treatment with a GFD.
Gene expression is currently used as a clinical diagnostics tool11. RNA sequencing
has great potential and could be used to detect gene fusions, differential expression of
known disease-causing transcripts, and a diversity of RNA species including
regulatory non-coding RNAs11.
Since gene expression varies with cell type, cellular compositions could affect
gene expression analysis results in tissue samples such as intestinal biopsies and
blood. Cellular compositions could also be altered in disease, for example as a result
of inflammatory cell influx into the small intestine of CD patients. This could make it
more difficult to understand biological context based on test results, but at the same
time might facilitate the separation of samples based on disease/not disease.

Biomarkers for celiac disease
The MeSH terms ‘celiac disease’ and ‘biomarkers’ were queried on PubMed to
identify studies of biomarkers in CD over the last 10 years (2009–2018). The studies
of biomarkers in blood and small intestinal biopsies listed in Table 1 investigated
biomarker levels in CD patients compared to control groups. The purpose was not
always to identify a specific marker for CD; some authors were searching for markers
for enteropathy, or to follow the effects of GFD in a non-invasive manner. In
individuals included in the control groups CD was always excluded as a diagnosis, but
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many experienced gastrointestinal symptoms. Other groups used in the comparison
with CD patients included e.g., those with autoimmune diseases, Crohn’s disease, and
infectious enteritis. CD patients on a GFD were often included in the studies for
comparison with active CD. The purpose of Table 1 is to provide an overview of the
work associated with biomarker discovery in CD over the last 10 years.
Potential biomarkers for CD or for diet monitoring have also been identified in
other materials such as urine109 and faeces110.
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Real-time PCR

ELISA

Markers on T cells,
B cells, and monocytes

Protein in serum

Protein in serum

Protein in serum

mRNA in duodenal tissue

Protein in serum

Protein in serum

CYP3A4-mediated
metabolism of
simvastatin in serum

mRNA and protein in
duodenal tissue

T-bet, pSTAT1

I-FABP

Th1-, Th2-, and APCderived cytokines

Adenosine deaminase

GEP: APOC3, CYP3A4,
OCLN, MAD2L1, MKI67,
CXCL11, IL17A, CTLA4

Reg1α

I-FABP
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Simvastatin metabolism

PARK7

Real-time PCR,
Western blot

LC-MS/MS

ELISA

Enzymatic
spectrophotometric
method

Sandwich immunoassay

ELISA

Flow cytometry

ELISA

Protein in serum

CTLA-4

Method of detectionb

Analyte

Biomarker/sa

enteropathy. The table includes studies from 2009 to 2018.
Groupc
Active CD
Active CD
Active CD
Active CD
Active CD

Active CD

Active CD
Active CD
Active CD

Active CD

Reference
Simone et al.111
Italy (2009)
Frisullo et al.112
Italy (2009)
Derikx et al.113
The Netherlands (2009)
Manavalan et al.114
USA (2009)
Cakal et al.115
Turkey (2010)
Bragde et al.116
Sweden (2011)
Planas et al.117
Spain (2011)
Adriaanse et al.118
The Netherlands (2013)
Morón et al.119
Schweiz, India, Finland, USA
(2013)
Vörös et al.120
Hungary, Slovakia (2013)

Children

Adults

Adults

Children and
adults

Children

Adults

Adults

Children and
adults

Adults

Children and
adults

Children/adults

Table 1. Examples of studies of potential biomarkers in the small intestine and blood for the diagnosis or follow-up of celiac disease and/or identification of

Celiac disease

EIA
ELISA

mRNA in peripheral
blood monocytes

mRNA in duodenal tissue

Protein in serum

Amino acid in serum

Antibodies in serum

Protein in serum

Protein in plasma/
mRNA in blood

mRNA in blood

Protein in plasma

Protein in serum

GEP: LPP, c-REL,
KIAA1109, TNFAIP3

GEP: LPP, c-REL,
TNFAIP3, IL-21, RGS1

CXCL10

Citrulline

ASCA IgA, IgG

Reg3α

CXCL11, TNFSF13B
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TNFRSF9

Proneurotensin

Soluble Syndecan-1

ELISA

Chemiluminometric
sandwich immunoassay

Real-time PCR

Luminex technology,
Real-time PCR

RF-HPLC

ELISA

Real-time PCR

Real-time PCR

ELISA

Protein in serum

Resistin

Method of detectionb

Analyte

Biomarker/sa

Table 1. Continued.

Active CD
Active CD
Active CD
Active CD
Early CD, active
CD
Intestinal
damage (incl.
active CD)
Active CD
Normalised CD
on GFD
Active CD
Active CD

Galatola et al.122
Italy (2013)
Bondar et al.123
Spain (2014)
Basso et al.124
Italy (2014)
Viitasalo et al.125
Finland (2014)
Marafini et al.126
Italy (2014)
Bragde et al.127
Sweden (2014)
Bragde et al.127
Sweden (2014)
Montén et al.128
Sweden (2016)
Yablecovitch et al.129
Israel, Germany (2017)

Active CD

Groupc

Galatola et al.122
Italy (2013)

Russo et
Italy (2013)

al.121

Reference

Children

Children

Children

Children

Adults

Children and
adults

Children

Children and
adults

Children

Children

Adults

Children/adults

Celiac disease
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Lipid in serum

mRNA in blood

mRNA and miRNA in
duodenal tissue and
blood

Protein in plasma

mRNA in peripheral
blood monocytes

mRNA in duodenal tissue

Alkylresorcinol

BECN1

ATG7, BECN1, miR-17,
miR-30a

I-FABP

KIAA1109, TAGAP,
SH2B3, TNFSF14, RGS1

HSP-70, HIF-1α

PCR and agarose gel
electrophoresis

Real-time PCR

ELISA

Real-time PCR

Real-time PCR

LC-MS/MS

ELISA

Method of detectionb

CD, active CD

Active CD

Adriaanse et al.133
The Netherlands (2017)

Piatek-Guziewicz et al.135
Poland (2017)

Active CD

Comincini et al.132
Italy (2017)

Pre-symptomatic
CD

Active CD

Comincini et al. 132
Italy (2017)

Galatola et al.134
Italy (2017)

Dietary gluten
exposure

Active CD

Groupc

Choung et al.131
USA (2017)

Manti et
Italy (2017)

al.130

Reference

Adults

Children

Children

Children

Children

Adults

Children

Children/adults

Enzyme immunoassay kit; ELISA, enzyme-linked immunosorbent assay; LC-MS/MS, liquid chromatography–tandem mass spectrometry; PCR,

cGroup

with differential levels of the specified analyte compared to controls. CD, celiac disease; GFD, gluten-free diet.

polymerase chain reaction; RF-HPLC, reverse-phase high-performance liquid chromatography.

bEIA,

receptor superfamily; TNFSF, TNF superfamily.

activation RhoGTPase activating protein; Th, T helper; TNFAIP3, tumour necrosis factor alpha-induced protein 3; TNFRSF, tumor necrosis factor (TNF)

and activators of transcription 1; Reg, regenerating family member; RGS1, regulator of G-protein signalling 1; SH2B3, SH2B Adaptor Protein 3; TAGAP, T cell

antigen identified by monoclonal antibody Ki-67; OCLN, occludin; PARK7, Parkinsonism associated deglycase; pSTAT1, phosphorylated signal transducers

protein KIAA1109; LPP, LIM domain-containing preferred translocation partner in lipoma; MAD2L1, mitotic arrest deficient 2 like 1; miR, microRNA; MKI67,

HMGB1, high mobility group box 1; HSP-70, heat-shock protein 70; I-FABP, intestinal fatty acid binding protein; IL, interleukin; KIAA1109, uncharacterised

motif chemokine ligand; CYP3A4, cytochrome P450, family 3, subfamily A, polypeptide 4; GEP, gene expression profile; HIF-1α, hypoxia-inducible factor 1α;

ATG7, autophagy-related 7; BECN1, beclin 1; c-REL, REL proto-oncogene, NF-kB subunit; CTLA, cytotoxic T-lymphocyte associated protein; CXCL, C-X-C

antigen-presenting cell; APOC3, apolipoprotein C-III; ASCA IgA or IgG, anti-Saccharomyces cerevisiae antibodies of type immunglobulin (Ig) A or IgG;

Protein in serum

HMGB1

aAPC,

Analyte

Biomarker/sa

Table 1. Continued.
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RNA and DNA isolation
RNA and DNA isolation can be performed in multiple ways; two common examples
are spin filter-based methods and magnetic bead-based methods136. Both utilise a
work flow of lysis, binding, washing, and eluting. Cells are lysed, and the free
RNA/DNA is bound to silica-containing spin filters or silica-coated magnetic beads in
the presence of chaotropic salts or alcohols at high concentrations and low pH. The
mechanism by which the RNA/DNA is bound involves hydrogen bonds between the
RNA/DNA and silica. The RNA/DNA is released (eluted) when salt or alcohol is
removed. Both methods are quick and easy to perform. Spin columns usually
generate very clean eluates but can clog if the sample is too thick. Magnetic beadbased isolation is suitable for automation. Other methods, less frequently used, are
liquid-phase extraction and solid-phase ion exchange.
What method is used can vary, for example depending on the starting material or
available instrumentation. Automation is attractive with regard to implementation in
routine diagnostics.
Isolated DNA can be refrigerated for months or frozen for years in a buffer such
as Tris-EDTA (TE) buffer137. RNA can be stored in a similar buffered solution or
RNase-free water but is less stable and should be stored at -70°C. As shown by Duale
et al.138, RNA in samples can be preserved by solutions that stabilise mRNA
concentrations for expression analysis.

Real-time PCR and TaqMan technology
The process of the polymerase chain reaction (PCR) consists of controlled
temperature cycles that make small oligonucleotides (primers) complementary to a
specific DNA sequence bind and a DNA polymerase create a copy of the DNA
using deoxynucleotide triphosphates (dNTPs)139. The number of copies grows
exponentially, since each new copy can function as a template in the next
temperature cycle. The generated copies can be detected in multiple ways, e.g., by
using a dye such as SYBR Green that fluoresces when it binds to double-stranded
DNA, or by using more specific probes designed to bind to a sequence within the PCR
product and fluoresce when their target sequence is present in the reaction140.
Hydrolysis probes (TaqMan probes) are commonly used in real-time PCR140. These
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probes are constructed with a reporter dye in the 5’ end and a quencher in the 3’ end,
with the purpose to quench the signal from the reporter dye (Fig. 4). As the probe
binds to the template during the temperature cycles, the Taq polymerase decomposes
the probe, physically separating the reporter and the quencher. As the quencher no
longer can stop the reporter signal, detectable fluorescence is emitted. The signal
increases exponentially with the number of cycles, and more template in the initial
reaction allows faster signal detection. This means that the number of cycles for a
detectable signal to reach a designated fluorescence threshold (quantification cycle
[Cq]-value) is negatively correlated with the starting number of template copies.
Figure 4. Real-time PCR using TaqMan
(hydrolysis) probes.
‘TaqMan®
by

probe

chemistry

Braindamaged

[Public

mechanism’
domain]

via

Wikimedia Commons.

Relative quantitative real-time PCR
For RNA to function in real-time PCR, it first needs to be converted into
complementary DNA (cDNA) using reverse transcription with the enzyme reverse
transcriptase140. Different starting points can be used for the enzyme, e.g., random
primers (short oligonucleotides with random sequences that bind different parts of
the RNA) or oligo-dT primers that bind to the poly-A tail of mRNA. Gene-specific
primers can also be used. What method is used for reverse transcription can affect
- 22 -

Methods — general overview
gene expression analysis results140. For example, oligo-dT primers are convenient to
investigate only mRNAs, but if the RNA is somewhat degraded, cDNAs of different
length will be created from a certain transcript during reverse transcription. They will
all contain the RNA sequence closest to the poly-A tail, but only some include the
sequence distal to the poly-A tail141.
In relative quantitative real-time PCR, the levels of transcripts are not quantified
in an absolute sense, but rather a relationship between samples in terms of transcript
levels is determined140. Reference genes are used to avoid misinterpreting sample
variations introduced during sample preparation and analysis for higher/lower
expression of the target genes142. Genes that are stably expressed in the sample
material under the specified conditions are identified and detected in the sample, and
the results are subtracted from the target transcript to account for such influences.
The evaluation of suitable reference genes is crucial to prevent introducing
differences between samples that are merely an effect of a poor choice of reference
gene/s rather than a true difference. More than one reference gene is recommended
to provide a stable reference Cq-value142.
After Cq-values have been derived from real-time PCR results, the mean of the Cqvalues for the reference genes is subtracted from each target gene Cq-value, and the
relative gene expression between samples can be calculated using the Delta-delta Cq
method of quantification143, which gives a good overview of the data spread and
differences between samples and groups.
Real-time PCR is fast, sensitive, and convenient for detecting pre-selected targets.
At the same time, it only quantifies what you have pre-defined that you want to
measure. Real-time PCR analysis of multiple targets is labour intensive. For a more
unbiased approach, for example to investigate potential new biomarkers, RNA
sequencing would be more suitable.

Massive parallel sequencing
Massive parallel sequencing, also called next-generation sequencing, became costcompetitive with the much used Sanger sequencing in 2005, and the cost continues to
decrease144. The method is used in clinical practice, for example in cancer diagnostics,
and shows great potential as a diagnostic tool in many areas145.
In massive parallel sequencing, DNA or cDNA is fragmented, and adapters are
ligated to the ends of each fragment139 before they are sequenced. On the Illumina
platform (Illumina, San Diego, CA), bridge amplification and sequencing-by- 23 -

Methods — general overview
synthesis are utilised to sequence the fragments144. The fragments are loaded onto a
flow cell covered in oligos complementary to the adapters. Each fragment is amplified
by bridge amplification (Fig. 5), generating clusters of clones from that fragment139.
Sequencing is then performed, which is a sequencing-by-synthesis procedure that
incorporates reversible terminator dNTPs, and each incorporated base is detected by
fluorophore excitation139. After excitation the dNTP is enzymatically cleaved to
remove the terminator, the next dNTP can be added, and the cycle is repeated. To
simultaneously sequence multiple samples and still know which sequence was
generated from which sample, the fragments can be labelled with different indexes,
which enables separation of the sequences by sample in the bioinformatics
analysis139. The resulting sequenced fragments need first to be divided by sample and
then mapped against a reference genome.

Figure 5. Cluster generation using bridge amplification in massive parallel sequencing.
‘Cluster Generation’ by DMLapato [CC BY-SA 4.0 (https://creativecommons.org/licenses/bysa/4.0)] via Wikimedia Commons.
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RNA sequencing
For RNA sequencing (also called transcriptome sequencing or RNA-seq), mRNA is
selected by poly(A) or RNA is depleted of ribosomal RNA146. Ribosomal RNA makes
up more than 90% of total cellular RNA, and therefore would significantly influence
sequencing results if not removed146. The main component of whole blood is
erythrocytes, and globin mRNA from progenitor erythrocytes constitutes ~70% of the
total mRNA population147. Globin mRNA and ribosomal RNA depletion must be
performed before converting RNA into cDNA for massive parallel sequencing.
The design of an RNA sequencing experiment includes choices of whether to
sequence shorter or longer reads, paired- or single-end reads, and whether to retain
information regarding strand orientation146. Single-end short reads are usually
sufficient in well-annotated organisms for the purpose of differential gene expression
analysis. Strand orientation information is preferable to identify what DNA strand is
actually expressed, making it easier to quantify antisense or overlapping transcripts.
If the purpose is to identify differential expression of medium or highly expressed
genes, fewer reads are necessary as compared to characterising the entire
transcriptome148. Statistical power to detect differential expression varies with effect
size (desired fold change), sequencing depth, and replicate number148. At least three
biological replicates in each group should be included to capture natural biological
variation, but increasing the number of replicates improves the power of the study
more than increasing the number of reads or sequencing depth148. The expected
number of differentially expressed genes also influences the power to detect
differential expression149. Quality control of generated data from RNA sequencing
includes examining the sequences to detect low-quality bases, overrepresented
sequences etc148. Williams et al.150 stated that trimming of reads (removing lowquality bases) should be done with caution, since no or modest trimming seems to
give the most biologically accurate gene expression estimates.
The sequenced fragments can be aligned to the genome using splice-aware
aligners such as STAR151, TopHat2152, or Subread153. There is also an option to align to
the transcriptome, but with the risk of missing uncharacterised transcripts148.
Quantification of mapped reads can be performed on a transcript level or gene
level, and the resulting reads should be normalised to the total number of counts
accumulated for each sample in the RNA sequencing experiment to ensure that
differences in library sizes are not interpreted as differences in expression146. There is
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also the option of correcting for gene length, since longer genes accumulate more
reads. This is not required when comparing changes in expression within the same
gene across samples, such as in the analysis of differential expression between
samples and groups. Normalisation should be performed to adjust for differences in
composition of the sequencing libraries, for example the effects on library
composition that occur when some genes are being transcribed in only one of the
groups, using e.g., the trimmed mean of M-values154. Read counts are either assigned
or not assigned to a transcript, so differential expression can be calculated using
discrete probability distributions such as the negative binomial distribution (used for
example in edgeR and DESeq)146. Differential expression can also be calculated using
linear modelling with the limma package if the inherent mean-variance trend in
RNA-seq data is adjusted for. Both methods perform well, but there are fewer false
positives as the number of samples increases for the limma analysis pipeline155.
Although still costly, a great advantage of RNA sequencing is that it is unbiased in
the sense that it does not include a pre-selection of targets, i.e., all RNA sequences in
the sample have the potential to be detected.

Enzyme-linked immunosorbent assay
Enzyme-linked immunosorbent assays (ELISAs) can be performed in microplates
with wells coated with an antibody specific for a target antigen156. When the sample
has been added and the antigen is bound, an enzyme-labelled secondary antibody is
attached, followed by an enzyme substrate. The amount of generated product is
proportional to the amount of antigen in the sample. Specific antibodies in a sample
can be quantified in a similar way. In this case, antigens instead of antibodies are
used to coat the wells, and the second reagent is an enzyme-labelled antibody specific
for the antibody to be detected in the sample156.
ELISA is a suitable method to detect one or maybe a few proteins/antibodies. To
analyse multiple proteins using limited samples, a better choice might be a multiplex
strategy, such as the one used in Luminex xMAP technology157.

Luminex xMAP technology
Luminex xMAP technology is based on microspheres that are differentiable by
fluorescence157. The different coloured beads can be coated with various agents, e.g.,
antibodies specific for a particular protein. The beads are mixed with the sample, and
the protein is bound to the beads. An antibody labelled with phycoerythrin is then
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attached to the bound protein. In the instrument, phycoerythrin and the dye mixture
in the beads are excited by laser, and the fluorescence detected. The bead colour
identifies the target protein, and the fluorescence from phycoerythrin is proportional
to the amount of that protein in the sample.
Multiplex application of Luminex xMAP technology has major advantages
including reduction of sample, time, and reagent consumption, but might reduce
sensitivity compared with the same assays run as single reactions157.

Genotyping
Characterisation of genetic variation can be performed in many different ways; the
two used in this thesis are described below.

Genotyping using a sequence-specific primer PCR method
In this method primers designed to be specific for different alleles, marked with a
fluorescent dye specific for each locus, only create a PCR product if the match is
perfect158. The products are analysed using capillary electrophoresis, where the
fluorescent dye determines the locus, and the product size determines what allele was
present in the sample. Since HLA regions contain extensive sequence variation34, this
method is suitable for HLA typing.

Genotyping using real-time PCR and TaqMan probes
This method is based on the presence of two TaqMan probes designed to match the
two variants of a target polymorphism159. The probes are labelled with different
fluorophores. A homozygote for one variant will mainly generate PCR products to
which one of the probes binds and fluoresces as it is cleaved by the polymerase, while
a homozygote for the other variant mainly generates fluorescence from the other
probe. A heterozygote will generate a mix of the two signals.
This method is fast and convenient, especially if pre-designed assays from a
manufacturer are used. However, multiplex analysis using real-time PCR and
TaqMan probes is difficult, so a more suitable multiplexing method should be used if
several targets are to be genotyped in multiple samples.
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Thesis aims
The main objective of this thesis was to complement and improve CD diagnostics by
identifying and implementing new biomarkers, mainly based on gene expression
(RNA and protein) in small intestinal biopsies and blood. The more specific aims
were to:
Correlate expression of genes (RNA, protein, biological functions) in small
intestinal biopsies and/or blood with:
Presence/absence of CD
Small intestinal alterations (Marsh scale or similar)
Recovery during GFD
Find ways to identify individuals affected by CD among those with low-grade
intestinal injury and/or CD-specific antibody levels increased to different
extents.
Investigate biological processes involved in CD.
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Study subjects and groups
Paediatric patients (0–18 years) investigated for suspected CD or at follow-up on a
GFD or a GD at Ryhov County Hospital, Jönköping, were included in the studies after
obtaining written consent. For all included study subjects, data on levels of CDspecific antibodies and histopathologic assessment were obtained. The study subjects
that agreed to participate in the studies during the years 2007–2016 are
characterised in Table 2. The subjects from this study population included in papers
I–IV are further characterised in Table 3.
There were more females than males among the study subjects (female:male ratio
1.74), but the exact ratios varied between the groups and studies (Tables 2 and 3).
The study groups in papers I–IV partly overlap: 80 subjects are unique to
1 study, 40 subjects are included in 2 studies, 12 subjects in 3 studies, and 9 subjects
in all 4 studies. In total, 141 study subjects were included in papers I–IV.
This study was approved by the Regional Ethical Review Board in Linköping
(paper I: M16-06, M16-06 T99-08; paper II-IV: M16-06, M16-06 T99-08, 2011/23931).
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5 (4)

37 (19)

17 (12)

10 (8)

39 (31)

20 (12)

3 (3)

241 (153)

Active CD GFD

Not CD

Not CD later

CD later

Normalised CD

Unclear

Otherf

TOTAL

GD
GD/GFD

CD

GFD

GD

GD

GD

GFD

GD

Diet

Unclear

CD

CD

Not CD

Not CD

CD

CD

Diagnosis

9.0 (0.67–19)

12 (6.8–16)

9.6 (3.1–16)

9.5 (3.0–19)

11 (3.1–16)

9.0 (1.1–17)

8.6 (1.5–17)

15 (11–17)

8.4 (0.67–18)

Aged

6

0
102

2

9

39

0
4

7

13

36

0

0

M0

0

2

0

0

0

NAS

Histopathologya

12

1

6

0

3

1

1

1

0

M1

2

0

1

0

0

1

0

0

1

M2

113

0

0

0

0

0

0

4/0/0

30/33/46

M3A/B/C

0.32, 0.32, 0.36

0, 0.67, 0.33

0, 0.63, 0.37

0.74, 0.26, 0

0.11, 0.56, 0.33

0.47, 0.53, 0

0.91, 0.09, 0

0.60, 0.20, 0.20

0.02, 0.30, 0.68

anti-TG2e

Serology
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subjects in groups CD later and Not CD later did not receive a CD diagnosis at the time of the biopsy sampling, but were later diagnosed as CD and not

same study subject can be included in multiple groups, with separate biopsy samplings at different time points. Data for each sampling is included in the

group Other contains two study subjects with a confirmed CD diagnosis, and a control biopsy on a gluten-containing diet (GD) after several years on a

gluten-free diet (GFD). A biopsy was sampled from the third study subject in this group on a GFD after a previous Marsh 1 biopsy on GD.

fThe

each group. There were missing values for two study subjects each in groups Active CD, CD later, and Not CD, and for one subject in group Unclear.

of <1 times upper limit of normal (ULN), 1–10 times ULN, and >10 times ULN for autoantibodies against tissue transglutaminase (anti-TG2) in

age in years (min–max).

eFractions

dMean

study subjects are included with two samplings each. In group Unclear, two study subjects are included with two samplings each. F = female.

group CD later have later biopsy samplings in group Active CD, of which one subject has two separate CD later biopsy samplings. In group Not CD later, three

Active CD GFD with follow-up biopsy in Normalised CD. One study subject in group Unclear has a follow-up biopsy in group Other. Two study subjects in

appropriate group: Six study subjects are included in group Active CD, with follow-up biopsies in group Normalised CD. One study subject is included in

cThe

had a patchy distribution of the intestinal lesions.

CD, respectively. Study subjects in group Unclear are under continued observation but have not yet received a CD diagnosis. Four subjects in group Active CD

bStudy

NAS (‘Non-assessable’): Biopsies for histopathologic assessment were suboptimal and could not be used as grounds for a Marsh grade.

a range of Marsh grades was provided by the pathologist, the highest Marsh grade is accounted for (Marsh [M]0, M1, M2, M3A, M3B, M3C).

110 (64)

Active CD

aIf

n

(F)c

Groupb

Table 2. Characteristics of subjects included in the study over the years 2007–2016.
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Table 3. Characteristics of the study subjects included in papers I–IV.
Paper I

Paper II

Paper III

Paper IV

Total (n)

67a

52b

83

30

Agec

7.4 (1.0–17)

9.4 (0.67–17)

8.8 (0.67–18)

8.4 (1.6–17)

Female/male

45/22

36/16

48/35

19/11

Exploratory/follow-up (n)

40/27

52/0

40/51d

30/0

Reference on GD (n)

17

14

26

10

Marsh 0 (n)

17

12

26

10

Marsh 1–2 (n)

0

2

0

0

Anti-TG2e

0.65, 0.35, 0

0.86, 0.14, 0

1, 0, 0

1, 0, 0

Follow-up on GFD (n)

15

14

5

10

Marsh 0 (n)

12

11

5

10

Marsh 1–2 (n)

3

3

0

0

Marsh 3 (n)

0

0

0

0

Anti-TG2e

0.73, 0.20, 0.07

0.57, 0.43, 0

1, 0, 0

0.90, 0.10, 0

Active CD on GD (n)

31

18

42

10

Marsh 0 (n)

0

0

0

0

Marsh 1–2 (n)

3

0

0

0

Marsh 3 (n)

28

18

42

10

Anti-TG2e

0, 0.27, 0.73

0.15, 0.20, 0.65

0, 0.21, 0.79

0, 0.40, 0.60

Other (n)

4

6

10

0

Marsh 0 (n)

2

2

2

0

Marsh 1–2 (n)

1

3

4

0

Marsh 3 (n)

1

1

4

0

Anti-TG2e

0.25, 0.25, 0.50

0.33, 0.50, 0.17

0.30, 0.50, 0.20

-

aThree

out of 70 study subjects were excluded based on poor biopsy quality.

bThree

out of 56 study subjects were excluded due to low sample amount and one subject based on

poor biopsy quality.
cMean

age in years (min–max).

dEight

study subjects from the exploratory study group were included in the follow-up study to validate

the RNA sequencing results.
eFractions

of <1 times upper limit of normal (ULN), 1–10 times ULN, and >10 times ULN for

autoantibodies against tissue transglutaminase (anti-TG2).

Biopsy and blood sampling
Between one and three small intestine biopsies were sampled, placed in pre-chilled
RNAlater RNA Stabilization Reagent (Qiagen, Hilden, Germany), and stored at 4˚C
overnight and then at -20˚C until RNA isolation. In papers I–IV, no more than one
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biopsy from each sampling has been included. Sampling was performed immediately
after routine samples were collected to ensure that diagnostic biopsies were
prioritised. EDTA blood for DNA and protein studies was collected at the same time
as blood sampling for routine diagnostics and did not require additional venous
puncture. An aliquot of blood was removed for DNA isolation, and then plasma was
isolated by centrifugation (1500 × g for 10 minutes). The plasma was stored in
aliquots at -80˚C. Blood was also collected for RNA studies, where a Tempus tube
(Life Technologies, Carlsbad, CA) with stabilised blood was stored at 4˚C overnight
and then at -20˚C until RNA isolation.
For routine diagnostics, biopsies were collected for histopathologic assessment
and blood was collected for detection of IgA anti-TG2 (or in case of IgA deficiency,
IgG anti-TG2), IgA antibodies against gliadin, and IgG anti-DG in serum. Antibody
detection was performed using EliA kits on Phadia250 (Thermo Fisher Scientific,
Waltham, MA) as described by the manufacturer. Biopsies for histopathologic
assessment were formalin-fixated and paraffin-embedded, and hematoxylin-eosin
stained.

Statistical methods and tools
Statistica (Statsoft, Tulsa, OK) was used for a large part of the statistical analyses in
papers I–III: version 9.1 for paper I, version 10 for paper II, and version 13 for paper
III.
To investigate gene expression in an unsupervised manner, hierarchical
clustering and principal component analysis (PCA) were performed in Statistica
(papers I and III) or Partek Genomics Suite version 6.6 (Partek Incorporated, St.
Louis, MO) (paper III).
Significant differences in RNA/protein levels between groups were identified
using non-parametric tests for significance in Statistica, including the Mann-Whitney
U test (papers I–III), Kruskal–Wallis one-way analysis of variance (ANOVA) by ranks
(paper II), and Pearson’s chi-squared test of independence (paper I). Parametric tests
for the same purpose included ANOVA (paper III) in Partek Genomics Suite.
Correlations between different variables were identified using Spearman rank
correlation in Statistica (papers I–III). For paper III, Spearman rank correlation was
additionally performed in Partek Genomics Suite, and product-moment correlation
was performed in Statistica.
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Two methods were used to adjust for the risk of identifying false-positive results
as a consequence of performing multiple tests for significance: false discovery rate160
(FDR) (papers II–IV) and Bonferroni adjustment (papers II and III). Bonferroni was
used for post-hoc comparisons in paper II and in power calculations in paper III. This
conservative method of adjusting for multiple testing could miss true-positive
associations161. FDR corrects for an expected proportion of false-positives under the
null hypothesis161.
In paper II, logistic regression models with combinations of assays were
calculated, and assay performances were evaluated using receiver operating
characteristic (ROC) curves in MedCalc Statistical Software version 13.1.2 (MedCalc
Software, Ostend, Belgium).
Group predictions based on gene expressions were performed using discriminant
analysis in Statistica (paper I).
Pathway ANOVA (Partek Incorporated) was used to investigate differential gene
expression on a pathway level without pre-selection of differentially expressed genes
(paper III).
Overrepresentation

of

differentially

expressed

genes

in

gene

groups

corresponding to Gene Ontology (GO) terms was investigated using Partek Genomics
Suite (paper III) and Fisher’s test.
Gene set enrichment analysis (GSEA) was performed to identify gene groups and
pathways of interest in CD using the GSEA software version 3.0 from Broad institute
(paper IV).
Information regarding gene inclusion in gene groups or pathways was extracted
from GO (papers III and IV), the Kyoto Encyclopedia of Genes and Genomes (KEGG)
(paper III), and Reactome (paper IV).
Additionally, multiple tools for clustering, visualisation, and annotation were
applied to data in Cytoscape162 versions 3.4.0 (paper III) and 3.6.1 (paper IV),
including EnrichmentMap163, WordCloud164, and AutoAnnotate165.

Paper I
In paper I116, expression of 109 RNAs in small intestinal biopsies from individuals
with and without a CD diagnosis were quantified using real-time PCR and analysed
based on differential expression between Marsh 0 and 3 with the purposes of finding
biomarkers reflecting the histopathologic assessment and developing a discriminant
analysis based on those markers. Gene selection was based on previous knowledge
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derived from the literature and focused on the hypothesis that important aspects of
the histopathologic assessment could be reflected by a gene expression profile. Genes
were primarily selected to reflect villous height, crypt elongation, immune response,
and epithelial integrity.

Sample preparations
Biopsies were homogenised and then RNA was isolated using a spin column-based
method. The resulting RNA was eluted in a 0.1×TE-buffer (1 mM Tris-HCl and
0.1 mM EDTA) with RNase inhibitor. RNA purity and concentration were determined
spectrophotometrically.

RNA

integrity

was

electrophoresis, measured by RNA Integrity

assessed

Number166.

using

chip-based

gel

Random primers were used

for reverse transcription of the RNA into cDNA.

Gene expression analysis
Relative quantitative real-time PCR was performed on cDNA from each sample using
TaqMan probes as the detection format (pre-designed gene expression assays from
Life technologies). Cq-values were established with a baseline calculated using data
from cycles 3 to 15, and thresholds were adjusted to the log-linear range and set to the
same level for all samples within a single assay. The results were normalised using
reference genes HPRT1 and PGK1, chosen from 11 potential reference genes based on
low sample-to-sample variation, calculated using the GeNorm167 and NormFinder168
algorithms in the Genex software (MultiD Analyses, Göteborg, Sweden). Reference
gene calculations were based on two Marsh 0 samples, and four samples with Marsh
grades between 2 and 3C.

Statistical analysis
In a subset of study subjects from the exploratory study group, genes with differential
expression between Marsh 0 (n = 4) and Marsh 3 mucosa (n = 10) were identified
without adjusting for multiple testing. A number of filtrations were subsequently
made, and it would have been unwise to remove genes from the selection
prematurely. A total of 50 differentially expressed genes were used in subsequent
analyses based on the exploratory study group and sample relations based on these
expressions were investigated by PCA and hierarchical clustering. Additionally,
correlations between Marsh grade and gene expressions were investigated. The genes
that best reflected Marsh grade were selected using a method that did not rely on a
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linear relation in regard to gene expression between the Marsh grades; the range of
values for each gene was segmented into 10 categories, and then Pearson’s chisquared test of independence was performed to find the 16 best predictors for a 3group scenario (Marsh 0, Marsh 2–3B, Marsh 3C). The same method was also used
for a 2-group scenario (Marsh 0, Marsh 2–3C), and the combination of these lists
resulted in 24 genes which were used as input in a general discriminant analysis
model. The gene subsets that were best at correctly classifying Marsh 0 and Marsh 2–
3C were identified. Additionally, the gene subsets best at correctly classifying Marsh
0, Marsh 2–3B, and Marsh 3C were identified. The final selection of genes to use in
the discriminant analysis was determined based on Wilk’s lambda, the number of
included predictors, and representation (villi/crypt, epithelial permeability, and
immune response). The developed discriminant analyses were tested by stepwise
omission of a single sample at a time, creating an algorithm based on the other
samples, and then testing what group the omitted sample was placed in. The
classification potential of the discriminant analysis from the 3-group scenario was
further evaluated using an independent set of 27 biopsies.
A p-value <0.05 was considered significant.

Paper II
In paper II127, the expression of RNAs and proteins in blood from individuals with
and without a CD diagnosis were quantified using real-time PCR and Luminex xMAP
technology/ELISA. Gene selection was based on information from the literature and
on functional context. RNAs and proteins were analysed for differential expression
between active CD (Marsh 2-3C), non-CD (Marsh 0-1), and normalised CD (Marsh 01), with the purpose of identifying blood-based CD biomarkers.

Sample preparations
RNA from stabilised blood was pelleted using centrifugation and then purified using
a spin column-based method. For two samples, RNA was instead isolated from EDTA
blood using a spin column-based method. The resulting RNA was eluted in 0.1×TEbuffer with RNase inhibitor. RNA quality assessment and reverse transcription were
performed as in paper I.
DNA was purified from EDTA blood using an automated magnetic bead-based
method, and concentration was determined spectrophotometrically.
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Gene expression analysis
Gene expressions (RNA) were analysed using relative quantitative real-time PCR and
cDNA from each sample, with TaqMan probes as the detection format (pre-designed
assays, Life technologies). Cq-values were established as in paper I. Three potential
reference genes were selected using a similar approach as in paper I, except that 32
instead of 11 reference genes were evaluated. The reference genes were evaluated
based on three Marsh 0 samples, and six samples with Marsh grades between 2 and
3C. After evaluation of these three genes based on the entire dataset, CDKN1B was
selected as the most stable reference gene to use for normalisation.

Protein quantification
Multiplex detection of proteins in plasma was performed using Luminex xMAP
technology (Milliplex kits, Millipore, Billerica, MA). Standard curves were included
and optimised using the Bio-Plex Manager (Bio-Rad, Hercules, CA).
No multiplexing option was available for the CD163 soluble protein, so it was
detected using an ELISA, and the results were obtained and analysed using a
microplate absorbance reader. A standard curve was included and optimised using
the Akima method for curve fitting in the Magellan version 7.0 software package
(Tecan Group Ltd, Männedorf, Switzerland).

Genotyping
HLA-DQ2 or DQ8 presence was determined using a sequence-specific primer PCR
method and capillary electrophoresis169,170. The data were used to calculate relative
CD risks38.

Statistical analysis
Differential expression was investigated between active CD, normalised CD, and nonCD subjects. For significant findings, post-hoc comparisons of mean ranks of all pairs
of groups were performed to determine which group comparisons produced
significant findings. Differences in gene expression were also investigated in study
subjects with one vs. two DQB1*02 alleles.
Protein/mRNA levels were correlated with histopathology and CD risk gradient
based on HLA type.
The diagnostic performances of individual assays and logistic regression models
of assay combinations were evaluated.
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A p-value <0.05 was considered significant. For all statistical analyses, except the
post-hoc comparisons, an FDR was used and set to 5%.

Paper III
In paper III171, RNAs isolated from small intestinal biopsies from individuals with a
CD diagnosis and active CD (Marsh 3) and individuals without a CD diagnosis
(Marsh 0) were quantified using RNA sequencing to identify potential CD biomarkers
and investigate biological processes involved in CD. A follow-up study was performed
on a separate study group where a select number of genes’ expressions were
quantified using real-time PCR to identify CD biomarkers.

Sample preparations
RNA isolation and quality assessments were performed as for paper I, but with
additional concentration measurements using a fluorometric method.

Gene expression analysis
Sequencing libraries were prepared from small intestinal biopsy RNA using the kit
TruSeq Stranded Total RNA with Ribo-Zero Human/Mouse/Rat (Illumina), which
removes ribosomal RNA. RNA sequencing was performed on a HiSeq 2500
(Illumina) using a read length of 1 × 50 base pairs (bp). The resulting fragments were
aligned to genome build hg19 using the STAR algorithm151, and gene expressions
were quantified using the Partek E/M algorithm (Partek Flow), with annotation
source Refseq transcripts release 71 from NCBI (National Center for Biotechnology
Information).
Follow-up of selected genes’ expressions was performed using relative
quantitative real-time PCR and cDNA from each sample, with TaqMan probes as the
detection format (pre-designed assays, Life technologies). Cq-values were established
as in paper I. Two reference genes were selected for normalisation; EIF2B1 and ZFR.
EIF2B1 was selected based on unpublished data from a study on reference genes
performed in association with paper I, and ZFR was selected based on stable
expression and low variation between samples in the RNA sequencing results. No
group differences (active CD vs. non-CD) were found for the two genes, neither in the
RNA sequencing results nor in the real-time PCR results.
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Genotyping
The presence of HLA-DQ2.5 in cis was investigated using a SNP in linkage
disequilibrium (rs2187668). Genotyping was performed using real-time PCR and
TaqMan probes (pre-designed assay, Life technologies).

Statistical analysis
To reduce the influence of different total numbers of reads for each sample and
different gene length, reads per kilobase per million mapped reads (RPKM) were
used in most calculations. The influences of age and antibody levels on general small
intestinal gene expression were investigated by correlating the coordinates along
principal components from a PCA based on all detected gene expressions with these
variables. Similarly, the influences of gender and Marsh grade were investigated with
ANOVA.
Differentially expressed genes were identified using one-way ANOVA based on
RPKM values. For the identification of highly differentially expressed genes (HDEGs)
an additional method was used. A mean-variance trend was modelled, and the
variance of each gene was then shrunk toward the mean variance of the entire dataset
(‘limma trend’172), and differential expression was analysed using linear regression.
The lists of HDEGs from this method and from ANOVA based on RPKM values were
combined and used as a base for the selection of genes for the follow-up study. More
stringent criteria were used for the HDEGs as compared to the differentially
expressed genes (a total number of reads >1000, or a mean expression >1 RPKM in
one or both study groups, together with a p-value <0.000001 and fold change >4 or
<-4 between active CD and non-CD study subjects).
To find pathways and gene groups associated with CD, expressions of genes
involved in different pathways (KEGG) and gene groups (GO) were analysed on a
pathway/gene group level and compared between active CD and non-CD subjects.
Unsupervised investigation (PCA) of sample relations based on gene expressions
was performed in the follow-up study, and differential expression was identified
between groups. Correlations between Marsh grade and gene expressions were
investigated.
Unless otherwise specified, all p-values were adjusted for multiple testing using
FDR, and FDR-adjusted p-values <0.05 were considered significant. A lower cut-off
was used for some analyses.
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Paper IV
In paper IV, RNAs from stabilised blood from individuals with a CD diagnosis and
active CD (Marsh 3), with normalised CD on a GFD (Marsh 0), or without a CD
diagnosis (Marsh 0), were quantified using RNA sequencing to identify potential CD
biomarkers and investigate biological processes involved in CD.

Sample preparations
RNA purification from stabilised blood was performed as in paper II, and quality
assessments as in paper III.

Gene expression analysis
RNA sequencing libraries were prepared from stabilised blood using TruSeq
Stranded Total RNA with Ribo-Zero Globin (Illumina), which removes ribosomal and
globin RNA. RNA sequencing was performed on a HiSeq 2500 with a read length of
1 × 50 bp as in paper III.
The resulting reads were aligned to genome build hg38, and the number of reads
that mapped to each gene was quantified with RSubread153. Ensembl version 85 was
used as an annotation source.

Genotyping
Genotyping of the SNP rs2187668 was performed as in paper III.

Statistical analysis
Counts were normalised to the total number of reads per sample, expressed as counts
per million (cpm), and normalisation factors for sample composition differences were
calculated using the trimmed mean of M-values. The variance associated with mean
log-cpm decreases with higher gene expression; precision weights that adjust for this
were calculated using the voom function. The weights were used in subsequent steps
to enable linear modelling of gene expression based on log-cpm values. The variance
was further adjusted based on information about the pooled variance, and moderated
t-statistics were calculated using empirical Bayes moderation with and without
adjustment for multiple testing (FDR) and without a fold change requirement. A pvalue <0.05 after adjustment for multiple testing was considered significant.
GSEA based on a ranked list of genes (computed by multiplying direction [sign] of
fold change and logarithm of p-value for each gene) was performed. Genes at the top
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or bottom of the list are more likely to be involved in processes that differentiate the
study groups, and so enriched genes (FDR-adjusted p-value <0.075) at the top or the
bottom of the ranked list contained in GO Biological Process terms or Reactome
pathways were identified.
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Results and analysis
Papers I and III — Gene expression analysis in small intestinal
biopsies
In paper I, genes were primarily selected based on their possible reflection of
important elements in the histopathologic assessment, and RNA levels were
determined in small intestinal biopsies from individuals with and without CD. From
an exploratory set of 109 genes, the expressions of eight genes were identified as a
good combination for separating Marsh 0, Marsh 2–3B, and Marsh 3C mucosa:
APOC3 and CYP3A4 (villi markers), OCLN (epithelial integrity marker), MAD2L1 and
MKI67 (crypt markers), CXCL11, IL17A, and membrane-bound CTLA4 (immune
response markers) (Fig. 6). The follow-up study including biopsies from a separate
subset of individuals confirmed the results.
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Figure 6. Median relative quantity per Marsh grade based on 39 study subjects in paper I for the
eight genes included in the discriminant analysis. The results are presented on a logarithmic scale.
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In paper III, RNA isolated from small intestinal biopsies from individuals with
active CD and without CD was sequenced. Higher expression in active CD compared
to non-CD was found for contexts such as phagocytosis, bacteria/virus, intestinal
barrier function, immune response, and autoimmune conditions. Lower expression in
active CD compared to non-CD was found for contexts such as metabolism and
transportation. Other CD-associated contexts implicated in the analysis included cell
cycle and signal transduction.
A total of 94 HDEGs were identified in paper III, of which 29 target genes were
selected for analysis by real-time PCR. The selection was guided by results from the
gene group (GO term) analysis. Two genes were later excluded due to lack of
detection with real-time PCR. Along with two reference genes (EIF2B1 and ZFR), the
expression levels of the 27 genes were analysed in a follow-up study. A few samples
were included from the RNA sequencing study groups, and the results showed that
the real-time PCR and the RNA sequencing findings correlated well. Based on realtime PCR results from non-CD (Marsh 0) and active CD (Marsh 3A, 3B, and 3C)
study subjects, gene expressions correlated with Marsh grade. A PCA was formed
based on these gene expressions, and additional study subjects were projected onto
the PCA based on their respective gene expressions. The gene expressions separated
non-CD and active CD and showed a gradual transition from Marsh 0 through Marsh
3A and 3B to 3C (Fig. 7). CD subjects normalised on a GFD clustered with non-CD
subjects. Marsh 0–2 subjects with positive anti-TG2 where a diagnosis could not be
established until additional biopsy sampling/s had been performed (‘CD later’) were
generally more similar to Marsh 3 subjects than Marsh 0 subjects (Fig. 7). Analyses of
differential gene expression in this group compared to the non-CD subjects showed
that five genes were significantly differentially expressed: GBP5, CXCL10, IFI27,
IFNG, and UBD (Fig. 8). For these five genes, expression levels in CD later subjects
were comparable to those in active CD (Fig. 8). A similar study subject that was
determined not to have CD after 4 years of investigation was positioned within the
Marsh 0 group (‘Not CD later’) (Fig. 7).
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Papers II and IV — RNA and protein levels in blood
Although a gene expression profile in biopsies can help determine a CD diagnosis, a
gene expression profile (based on RNA and/or proteins) would be even more useful if
it could be applied to a sample obtained using less invasive techniques, such as blood.
In paper II, to investigate whether a blood-based gene expression profile could be
used as a CD diagnostic tool, proteins and mRNAs were selected based on published
studies on blood mRNA/protein expression in CD and by functional context. The
results showed that CXCL11 protein and TNFSF13B mRNA levels were higher in
active CD than in non-CD study subjects, and TNFSF13B mRNA levels were also
higher in normalised CD. TNFRSF9 mRNA levels were higher in normalised CD
subjects compared to non-CD and active CD subjects. No significant differences in
RNA/protein levels were found based on number of DQB1*02 alleles and no
correlations were found with HLA genotype risk for CD. ROC curve analysis of
discrimination between subjects with active CD and without CD revealed an area
under the curve (AUC) of 0.97 for anti-TG2, 0.81 for CXCL11 protein, 0.85 for
TNFSF13B mRNA, and 0.91 for a logistic regression model based on CXCL11 protein
and TNFSF13B mRNA. ROC curve analysis of discrimination between study subjects
with active and normalised CD revealed AUCs of 0.90 for anti-TG2 and 0.78 for
TNFRSF9 mRNA. Compared to anti-TG2 alone, the addition of new potential
markers resulted in a modest but non-significant contribution to the diagnostic
capacity of anti-TG2.
To investigate gene expression unbiased by previous assumptions, RNA
sequencing was performed on stabilised blood from active CD, normalised CD, and
non-CD study subjects (paper IV), and the results showed that in whole blood no
large differences in the expression of single genes could be found between the groups.
However, by focusing on genes with expression differences on a gene set level,
processes likely to be involved in CD pathogenesis were identified. The results
indicated a mainly pro-inflammatory response in active CD. The results also pointed
to negative regulation of viral replication being associated with active CD, together
with positive regulation of nitric oxide metabolic processes, monocarboxylic acid
transport, and impaired haemostasis regulation. Processes involving signal
transduction, metabolic processes, proliferation, differentiation, cell migration, and
cell survival could also be affected. In normalised CD, we observed lower activity in
cell cycle and transport as compared to non-CD.
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Our results showed that Marsh grade from the histopathologic assessment can be
reflected using the expression of a few genes in small intestinal biopsies from
children (paper I). We also showed that processes such as immune response,
microbial infection, phagocytosis, intestinal barrier function, metabolism, and
transportation might be involved in CD and used this information in the selection of
potential biomarkers (paper III). The expressions of the selected biomarkers
correlated with Marsh grade, and for some of the markers (although based on a small
number of samples), altered expression in CD mucosa was found before the
histopathologic assessment could confirm intestinal alterations compatible with a CD
diagnosis. Active CD study subjects with anti-TG2 ≤10 times ULN that require a
histopathologic assessment of intestinal biopsies to confirm the CD diagnosis
constituted 32% of the active CD subjects in our study population (Table 2).
Furthermore, in the group with study subjects who received a CD diagnosis at a later
time point compared to the biopsy sampling included in this study (group CD later),
67% had anti-TG2 levels ≤10 times ULN. This indicates that intestinal biopsies will
still be performed to establish a CD diagnosis in many cases, and gene expression
analysis could be used to complement the histopathologic assessment for these cases.
Differential expression in CD mucosa compared to normal mucosa was previously
identified in several studies107. There has also been work performed on the subject of
pre-symptomatic CD, based on gene expression in PBMCs from nine individuals,
where differential gene expression was detected before symptom onset and antibody
production in CD134. Several possible mRNA biomarkers for CD have been identified
(Table 1). Results from us and others show that there is potential for gene expression
analysis in CD diagnostics not only for clear cases, but also for unclear cases and early
in the disease progression.
There is also potential for gene expression analysis in the follow-up of CD patients
on a GFD. The ability of the identified intestinal markers to follow treatment (GFD)
was indicated in paper I and in the follow-up study in paper III, where expressions in
GFD-treated CD study subjects were similar to non-CD subjects and different from
active CD subjects. However, blood is a more suitable material for follow-up, with less
invasive sampling. In paper II, a blood marker was identified with some potential to
discriminate CD subjects on a GFD from active CD subjects. A study by Sangineto et
al. compared normalised CD study subjects on a GFD with non-CD subjects and
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identified several genes with differential expression using microarray analysis in
purified PBMCs173. This could not be replicated in our study using RNA sequencing
based on stabilised whole blood (paper IV), perhaps due to different study designs,
but differential expression was identified on a gene set level.
Our results indicate that differences in gene expression in stabilised whole blood
between active CD and non-CD are much smaller than in intestinal mucosa (papers II
and IV). In fact, no single gene was found to be significantly differentially expressed
after adjusting for multiple testing in the RNA sequencing study (paper IV). Other
gene expression studies based on purified cell types106 or PBMCs174 from blood
identified several differentially expressed genes in CD compared to non-CD. One
reason for the discrepant results might be that stabilised blood contains a mixture of
blood cells contributing to the RNA pool, as compared to studies of purified cell
types. In disease, proportion changes of leukocyte subtypes can disguise diseaseassociated gene expression in leukocytes175. PBMC samples, although not consisting
of a single cell type, still contain RNA from less diverse cell types compared to whole
blood176. Stabilised blood has been shown to yield a reduced number of expressed
genes compared with PBMCs, with larger inter-individual expression variation and a
smaller number of differentially expressed genes176,177. In a study by Feezor et al.177,
the authors performed ex vivo stimulation with Staphylococcus enterotoxin B of
blood from healthy donors. The blood was stabilised or leukocytes were isolated, and
microarray analysis showed reduced responsiveness in the gene expression profiles
from stabilised blood compared with isolated leukocytes. However, in a study of gene
expression in stabilised whole blood compared to PBMCs as tools to evaluate
perioperative inflammatory response in patients with advanced heart failure, the
molecular fingerprints were similar between the two sample materials176. Since the
handling of blood samples prior to PBMC isolation can affect gene expressions178,
using stabilised blood might reduce the influence of pre-analysis factors.
Studies of gene expression in stabilised blood on a gene set level, in contrast to
gene level, showed promising results (paper IV) and should be investigated further. It
would also be of interest to investigate to what extent blood gene expression reflects
duodenal gene expression. For that purpose, analyses of the datasets from papers III
and IV should first be performed using the same set of bioinformatics tools.
Transcriptional changes identified in relation to CD in different studies were
recently summarised107, and some of those findings were replicated in our RNA
sequencing studies in intestinal mucosa and blood. CD-associated processes
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implicated in biopsies and blood in our work — and in most of the studies in the
summary — included metabolism, cell cycle, signal transduction, immune- and
inflammatory response-related processes, and transport. CD-associated contexts
identified in multiple studies could be suitable targets for further investigations.
The difference in cell compositions that could arise from changes that occur in CD
mucosa (e.g., reduced villous height, crypt elongation, increase of IELs in the
epithelial layer, and influx of inflammatory cells into the lamina propria) could affect
gene expression analyses based on non-CD and CD tissue. Likewise, differences in
ratios of immune cells in blood could influence gene expression analyses based on
whole blood. This might facilitate the separation of samples based on disease/not
disease, but could also influence the interpretation of biological context, and should
be considered. However, the results are still of interest both in relation to the
investigations into CD pathogenesis, as well as in the development of biomarkers on a
gene set level for diagnostic purposes.
Non-CD subjects included in papers I–IV are individuals with suspected CD that
are subjected to an intestinal biopsy sampling, but are found not to have CD. The
reasons for biopsy sampling vary, including genetic risk, anti-TG2 positivity, a need
to exclude CD as a diagnosis, or symptoms. This is the population from which we
need to separate CD cases, so it is well suited as a control population, but it would
add to the project to characterise gene expression in cases without suspected CD,
preferably with a CD-incompatible HLA type.
No controls for differential diagnostics were included in papers I–IV. The
incidence of differential diagnoses in regards to CD in Swedish children should be
considered in this context. For example, although IBD and CD can produce similar
clinical symptoms such as diarrhoea and abdominal pain, IBD has a lower prevalence
than CD179. Duodenal alterations are sometimes found in IBD and are more common
in children180. However, no cases of IBD were found in our study population.
Additionally, biopsy evaluation is not the sole basis for the diagnosis of CD, but is
part of a diagnostic procedure where symptoms, heredity, CD-specific antibodies, and
HLA type are also taken into consideration, and there is a requirement for a clinical
response to a GFD before a final CD diagnosis can be established1. The expressions of
selected biomarkers in other inflammatory conditions of the small intestine should be
investigated, and it would be very interesting to determine which pathways are
shared and which are disease specific. In a study of CD and ulcerative colitis,
expressions of genes in shared genetic susceptibility loci and specific CD risk loci
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were investigated and revealed both common and opposite expression patterns in the
two diseases181.
There is great potential in the diagnostic use of gene expression analysis
performed by real-time PCR; it has a good reproducibility and is easily performed
with instrumentation available at most clinical laboratories today. Rapid changes can
be reflected, since the expression profile is a snapshot of what is happening in the
tissue at the sampling time point182. The efforts made by us and others to characterise
gene expression in CD could be summarised into a biomarker profile, based on single
biomarkers and/or biological processes, to facilitate CD diagnostics. However, the
loss of visualisation compared to the histopathologic assessment is one issue when it
comes to gene expression analysis in intestinal biopsies, another is, as mentioned,
that gene expression in other diseases of the gastrointestinal tract could show partly
the same profile both in the intestine and blood181. The need for a reference
population to compare with individual gene expressions could make it difficult to
implement the method clinically. Qualitative rather than quantitative transcriptional
diagnostic signatures have been proposed as a stable approach to gene expression
profiling for diagnostic purposes183, which makes use of expression ratios between
gene pairs within the same individual instead of relative quantities in relation to
other samples. This approach could be investigated for CD diagnostics. Additionally,
since the CD population is genetically heterogenic13, the same phenotype (i.e.
inflammatory reaction to gluten) could in theory be accomplished by different genetic
predispositions, which could also affect the expressions of different genes. Pathway
information has been shown to be useful for predicting individual risk for
disease184,185. Although a few solitary biomarkers could be advantageous in the
diagnosis of CD, basing gene expression profiles on pathway information instead of
single genes might also reveal disease heterogeneity between patients and add
stability to a diagnostic method based on gene expressions. Biomarkers could be
selected to reflect pathways, or, as the cost of RNA sequencing decreases, the
pathways could even be characterised using this unbiased method in the future.
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Based on the findings in papers I–IV, the following conclusions can be drawn in
regard to CD in children and adolescents:
Gene expression fold changes are large between active CD and non-CD small
intestinal mucosa.
Gene expression fold changes are small between active CD and non-CD
stabilised whole blood.
Biological processes are affected in active CD. This is detectable in both small
intestinal biopsies and blood.
Minor histological changes in the CD small intestinal mucosa are accompanied
by alterations in gene expression. This could be clinically relevant to help
establish a CD diagnosis when histopathology is inconclusive for CD, but needs
further evaluation.
An expression profile based on a few individual genes in small intestinal
biopsies has the potential to be used as a diagnostic tool in CD, but it requires
validation by analysis of gene expression in small intestinal biopsies from
differential diagnoses.
A diagnostic gene expression profile for CD based on whole blood and/or
intestinal biopsies could be feasible on a gene set level, but this needs further
investigation.
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When this project was initiated, the small intestinal biopsy was central in the CD
diagnostic procedure. The project set out to decrease dependency on the
histopathologic assessment for a CD diagnosis by a gene expression profile, either
based on small intestinal biopsies or blood. A gene expression profile in blood would
have the extra benefit of easy sampling, in addition to relieving the need for a small
intestinal biopsy for CD diagnosis and follow-up.
In 2012, the non-biopsy criteria for a CD diagnosis were presented by ESPGHAN,
where cases with high anti-TG2 levels (>10 times ULN) could be diagnosed without a
small intestinal biopsy under certain circumstances. The need for a gene expression
profile then shifted more toward cases with lower anti-TG2, where the biopsy was
still mandatory for a CD diagnosis. Our results indicate that active CD study subjects
have an altered gene expression profile in the small intestine compared with non-CD
subjects, and that some expression alterations can be detected before the presence of
CD-associated changes of the small intestine can be confirmed by histopathology.
Conversely, gene expression of individual genes in whole blood does not provide large
enough differences between active CD and non-CD to be used for diagnostic
purposes. However, the analysis of expressions on a gene set level indicated
differences between active CD and non-CD and should be investigated further.
A gene expression profile based on small intestinal biopsies could be used as a
method of assessing small intestinal status in cases where extra information is
needed to establish a CD diagnosis, such as in mild histological lesions and/or low
anti-TG2 levels, when the pathologist has technical issues with the histopathologic
assessment, or in other cases where additional information regarding intestinal status
in CD is needed. This information could help establish a correct CD diagnosis without
the need for a repeat biopsy, which would reduce time, effort, and cost for the health
care system and save the patient from unnecessary biopsy samplings.
Future work will be focused on further investigations into gene expression in CD
and non-CD study subjects with positive anti-TG2 and/or minor histological
alterations using RNA sequencing to find out what biological processes and genes are
affected at this stage and how that relates to the risk of developing CD or to return to
normal histopathology. Additionally, information from RNA sequencing could
suggest pharmacological targets for CD treatment. A final group of biomarkers (on a
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gene level and/or a gene set level) should be selected and validated in CD study
subjects, healthy controls, and subjects with differential diagnoses.
It would also be interesting to investigate the potential of gene expression
analysis in FFPE intestinal biopsies in CD diagnostics, as FFPE material is available
as an archival material from most CD cases. This provides the added possibility to
investigate the relationship between histopathology and gene expression using
successive sections from the FFPE biopsies for analysis based on histopathology or
gene expression.
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