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ABSTRACT  

 
Background: Celiac disease (CD) and type 1 diabetes (T1D) are two chronic autoimmune 

diseases with increasing incidence worldwide. A combination of genetic, environmental and 

immunological factors is considered to be involved in development of the diseases, even though 

the exact disease mechanisms still are unknown. CD and T1D are both believed to be associated 

with type 1 like immune responses. However, there is limited knowledge about the complex 

network of intestinal and peripheral immune responses associated with the diseases.  

 

Aims: The aim of this thesis was to explore intestinal and peripheral immune responses in 

children at different stages of CD and in children with T1D. Further, we studied peripheral 

immune responses in children at risk for T1D supplemented with probiotics during their first 6 

months of life (PRODIA study).  

 

Results & Discussion: Children with untreated CD had up-regulated T-helper (Th)1, T-cytotoxic 

(Tc)1, Th17 and T-regulatory (Treg) responses, but down-regulated Th2 and Th3 responses in the 

small intestine. The type 1 response (Th1 and Tc1) seemed to remain elevated in CD children 

under gluten free diet (GFD)-treatment and thus seemed to be related to the disease itself rather 

than the gluten intake. The Th2, Th3, Th17 and Treg responses seemed to be gluten dependent, 

since they normalized upon GFD-treatment. The alterations in the intestinal biopsies did not seem 

to correlate with the alterations seen in the blood Children with potential CD had diminished 

levels of the Th17 cytokine IL-17, whereas children with untreated CD had elevated levels of IL-

17, indicating that IL-17 immunity develops in the late phase of CD when villous atrophy has 

developed. Furthermore, stimulation of intestinal epithelial cells with IL-17 induced anti-apoptotic 

mechanisms. The low intestinal expression of Th1, Th17 and Treg markers was normal in 

children with T1D, whereas children with T1D and CD had the same pattern as children with 

untreated CD: high intestinal secretion of pro-inflammatory and Th17 cytokines. The immune 

responses in children with T1D were generally influenced by the degree of villous atrophy.  

 

As expected, the number of children in the PRODIA study developing T1D related autoantibodies 

during their first two years of life was low. No difference in the autoantibody emergence was seen 

between infants given probiotics compared to placebo. In the probiotic group, the number of 

circulating CD58+ monocytes was lower at 6 months of age. At 12 months of age the number of 

circulating CCR5+ monocytes was lower in the probiotic group, whereas the spontaneous 

expression of TLR9 on PBMCs was higher.  

 

Conclusion: Most of the intestinal T-cell associated immune alterations were generally gluten 

dependent, since they normalized on a GFD treatment, but the type 1 response seemed to be 

related to the disease itself, since it was still seen in GFD treated individuals. IL-17 immunity 

seemed to be induced in the late stage of CD, when villous atrophy has developed and it seemed 

to be involved in protection from tissue damage in the inflamed intestinal mucosa. The intestinal 

immune responses were generally not reflected in peripheral blood. 

 

Probiotic supplementation in infancy modulated the activation stage and stimulation response of 

monocytes. Thus, early exposure to microbes seemed to influence the function of the innate 

immune system in later life.  
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SAMMANFATTNING  

 
Bakgrund: Celiaki och typ 1 diabetes (T1D) är två kroniska autoimmuna sjukdomar med ökande 

förekomst världen över. En kombination av genetiska, miljömässiga och immunologiska faktorer 

är av betydelse för sjukdomsutvecklingen, även om den exakta mekanismen är okänd. Celiaki och 

T1D antas vara associerade med typ 1 lika immunsvar. Det finns dock begränsad kunskap om det 

komplexa nätverket av immunsvar i tarm och i blod associerade med sjukdomarna.  

 

Syfte: Syftet med studien var att undersöka immunsvar i tarmen och i blodet hos barn med celiaki, 

med eller utan glutenfri kost, samt hos barn med T1D. Därtill att undersöka perifera immunsvar i 

blodet hos barn med risk för T1D, som fått probiotika under deras första levnadshalvår (PRODIA 

studien). 

 

Resultat & Diskussion: Barn med obehandlad celiaki hade uppreglerade T-hjälpar (Th) 1, T-

cytotoxiska (Tc) 1, Th17 och T-regulatoriska (Treg) immunsvar i tunntarmen, men nedreglerade 

Th2 och Th3 svar. Typ 1 svaren (Th1 och Tc1) verkade förbli förhöjda hos barn som behandlats 

med glutenfri kost och verkade därför vara relaterade till sjukdomen i sig snarare än till intaget av 

gluten. Th2, Th3, Th17 och Treg svaren verkade vara beroende av glutenintag eftersom de 

normaliserades av glutenfri kost. Förändringarna i tarmbiopsierna verkade inte korrelera med 

förändringarna i blodet. Barn med potentiell celiaki hade nedreglerade nivåer av Th17 cytokinen 

IL-17, medan barn med obehandlad celiaki hade förhöjda nivåer av IL-17. Detta tyder på att IL-17 

immuniteten uppkom sent i celiakiutveckligen när tarmskadan hade uppkommit. Därtill hade 

stimulering av tarmepitelceller med IL-17 påskyndat celldöd. Barn med T1D hade lågt uttryck av 

Th1, Th17 och Treg markörer, medan barn med både T1D och celiaki hade hög sekretion av 

proinflammatoriska och Th17 cytokiner i tarmen liksom barn med obehandlad celiaki. 

Immunsvaren hos barn med T1D influerades generellt sett av graden av villös atrofi.  

Som förväntat var antalet barn i PRODIA-studien som utvecklade T1D relaterade autoantikroppar 

under sina första två levnadsår lågt. Det var inga skillnader i förekomst av autoantikroppar mellan 

barn som fick probiotika jämfört med placebo. I probiotika gruppen var antalet cirkulerande 

CD58+ monocyter lägre vid 6 månaders ålder. Vid 12 månaders ålder var antalet cirkulerande 

CCR5+ monocyter lägre i probiotika gruppen, medan det spontana uttrycket av TLR9 på PBMC 

var förhöjt.   

 

Slutsats: Majoriteten av de T-cell associerade immun förändringarna i tarmen var gluten 

beroende, eftersom de normaliserades vid behandling med glutenfri kost, men de Typ 1 relaterade 

svaren verkade dock vara relaterade till sjukdomen i sig, eftersom de bibehölls hos individer 

behandlade med glutenfri kost. IL-17 immuniteten verkade induceras sent i sjukdomsutvecklingen 

vid celiaki, när tarmskadan hade uppkommit och verkade vara involverad i skydd mot 

vävnadsskada i den inflammerade tarmslemhinnan. Immunsvaren i tarmen avspeglade generallt 

sett inte immunsvaren i perifert blod. 

 

Tillförsel av probiotika till spädbarn påverkade aktiveringsnivån och stimuleringssvaren hos 

monocyterna. Tidig exponering för mikroorganismer verkade påverka funktionen hos det 

medfödda immunförsvaret senare i livet.  
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INTRODUCTION 

 

The immune system  

 

The most important feature of the immune system is its ability to distinguish between self and 

dangerous non-self, protecting our body against threats, such as microbial infections and 

tumors. The immune system consists of two parts; the innate and the adaptive immune 

responses, which co-operates to maintain immune homeostasis.  

 

The innate immune system 

The innate immune system provides an immediate non-specific response towards microbial 

infections, which is similar at every encounter with the pathogen [1]. This first line of defence 

consists of several interacting systems e.g. mechanical barriers such as skin and mucosal 

membranes, physiological barriers like low pH and biochemical barriers comprising 

antimicrobial peptides and NO. Additionally, it comprises other elements like the complement 

system and effector cells. The cell defence consists of macrophages, mast cells, neutrophils, 

eosinophils, dendritic cells (DCs), natural killer (NK) cells, natural killer T (NKT) cells and 

 T cells. The effector cells recognize distinct pathogen patterns, leading to clearing the 

infection by means of phagocytosis or by secreting inflammatory mediators. 

 

The pathogen patterns detected by the innate immune system are evolutionary conserved 

structures, present in large groups of microorganisms, e.g. bacteria, viruses, parasites and 

fungi, referred to as pathogen-associated molecular patterns (PAMPs) [2]. The best-known 

PAMPs are lipopolysaccharide (LPS), peptidoglycan, lipoteichoic acid (LTA), mannans, 

bacterial DNA, double-stranded RNA and glucans. These PAMPs are recognized by pattern 

recognition receptors (PRRs) including among others toll-like receptors (TLRs), NOD-like 

receptor (NLR), -glucan receptors and mannan-binding lectins, which are present on various 

cells of the innate immune system. On recognition of PAMPs, the PRRs trigger signalling 

pathways that result in the induction of transcription of a variety of immune response genes, 

such as antimicrobial peptides and inflammatory cytokines.  
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Gram positive bacteria, such as lactobacilli and bifidobacteria, express peptidoglycan and 

lipoteichoic acid (LTA) on their cell surface, whereas Gram negative bacteria express 

lipopolysaccharide (LPS) also called endotoxin. Bacterial peptidoglycan binds to the PRR 

nucleotidebinding oligomerization domain (NOD)2, LTA binds to TLR2 and LPS binds to 

TLR4 on cells of the innate immune system, e.g. macrophages and DCs. Binding of a TLR by 

its ligand (e.g. LTA to TLR2) initiates down-stream cellular signaling cascades resulting in 

strain specific cytokine and chemokine responses, but also transcription of genes important 

for controlling of infections. The down-stream effects of TLR activation depends on the 

inflammatory status of the mucosal microenvironment [3].  

 

Activation of TLR2 by its ligand (LTA) leads to recruitment of toll-interleukin receptor 

domain containing adaptor protein (TIRAP) and myeloid differentiation primary response 

gene (MyD88), which results in activation of nuclear factor kappa b (NFkB) and production 

of cytokines and chemokines [3](Figure 1). Activation of TLR4 by its ligand (LPS) leads to 

recruitment of MyD88, phosphorylation of IL-1 receptor-associated kinase (IRAK) and tumor 

necrosis factor receptor-associated factor 6 (TRAF6), which results in production of NFkB 

and IFN- [3].  
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Figure 1. LPS and LTA induced TLR2 and TLR4 signaling pathways. The figure is modified from [4].  

 

The adaptive immune system 

The adaptive immune system is the second line of defence and provides a specific immune 

response to a specific pathogen. The adaptive response is slower than the innate one, but 

unlike the innate response it improves after each exposure to the stimulus. Adaptive immune 

responses are generated in the secondary lymphoid tissues, i.e. lymph nodes, spleen and 

mucosa-associated lymphoid tissue (MALT). The cell defence is constituted by T-cells and B-

cells, which upon activation, proliferate and differentiate into effector cells. The T and B-cells 

are mainly secreting cytokines and antibodies, respectively. The T cells are subdivided into 

CD4+ T helper (Th) cells and CD8+ cytotoxic T (Tc) cells, while activated B cells 

differentiate into plasma cells, which can further differentiate into long-lived memory cells.  

 

T cells 

T-cells undergo a series of selection and maturation processes in the thymus [5]. During 

positive selection only T-cells expressing a T cell receptor (TCR) reacting with low affinity 

with self-peptide-major histocompatibility complex (MHC) (human leukocyte antigen (HLA)) 
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complexes receive a “survival signal” and differentiate further. Most T-cells, with no or low 

affinity for self-peptide–MHC (HLA) complexes, die by neglect. For T-cells expressing a 

TCR reacting with high affinity for self-peptide-MHC (HLA) complexes several outcomes are 

possible. Most of these cells are subjected to negative selection, where the main mechanism is 

clonal deletion. However, regulatory T cells (Tregs) are thought to be induced by high affinity 

self-peptide-MHC (HLA) interactions in the thymus.  

 

The effector T cells, the Th and Tc cells, develop into different phenotypes, mainly depending 

on the cytokine milieu. Thus, naïve T cells also called Th0 cells, which mainly produce 

interleukin (IL)-2, become Th1, Th2, Th17 or inducible T regulatory cells (iTregs) upon 

activation (Figure 2). IL-12 promotes interferon (IFN)-γ production and Th1 development, 

whereas IL-4 promotes Th2 development (reviewed in [6-8]). Transforming growth factor 

(TGF)-, together with IL-1, IL-6, IL-23 are important for development of Th17 cells, 

however TGF- is also important for development of iTregs. There are several subpopulations 

of Tregs present in humans; both the natural Tregs (nTregs) which develop in the thymus, but 

also the iTregs which develop from naïve Th cells in the periphery. The most common iTregs 

are Th3 and Tr1 cells.  

 

T cells are functionally subdivided by the pattern of cytokines they produce. The Th1 cells, 

involved in cell-mediated inflammatory reactions and defence against intracellular pathogens, 

are characterized by the production of IFN- and IL-2 and the expression of the transcription 

factors T-box transcription factor (T-bet) and signal transducer and activator of transcription 

(STAT)1 and STAT4 [6-8]. The Th2 cells, which are involved in immunoglobulin (Ig)E 

antibody production and allergic responses, are on the other hand characterized by the 

production of IL-4, IL-5 and IL-13 and the expression of the transcription factor GATA-3 and 

STAT6 [6-8]. The Th17 cells, which are involved in protection against bacteria and fungi at 

mucosal surfaces and in autoimmunity and inflammation, are characterized by the production 

of IL-17, IL-21 and IL-22 and the expression of RAR-related orphan receptor (ROR) and 

STAT3 [6, 8]. Regulatory T cells (Treg), both inducible and natural Tregs, are involved in 

regulation of the immune system and are essential for preserving tolerance. Both the nTregs 

and the iTregs Th3 are characterized by the production of IL-10 and TGF- the expression of 

the transcription factors Forkhead box P3 (FoxP3) and STAT5, and also by the expression of 

CD25 [6, 8, 9]. The Tr1 cells, another population of the inducible Tregs, do on the other hand 



15 

 

not express FOXP3 or produce TGF- [9]. Lately, additional subpopulations of Th cells have 

been discovered e.g. IL-9 producing Th9 cells, IL-22 producing Th22 cells and IL-21 

producing follicular Th cells (Tfh) cells (reviewed in [10, 11]).  

 

 

Figure 2. Th-cell differentiation. The figure is modified from [8].  

 

Similarly as for the naïve Th0 cells, cytotoxic T precursor cells develop into Tc1 or Tc2 cells 

upon activation, which depends of the local cytokine milieu [7]. However, Tc cells need a 

higher cytokine dose than Th cells in order to differentiate. The Tc1 cells are induced by and 

produce type 1 cytokines (IFN-, IL-2) whereas the Tc2 cells are induced by and produce type 

2 cytokines (IL-4 and IL-5).  

 

T cell receptors 

T cells carry on their cell surface so called TCRs. In humans, as the TCR consists of either 

αβ- or  γδ-chains, T cells are  TCR positive or  TCR positive, respectively [1]. 

Approximately 90-95% of the circulating T cells in humans are TCR positive, whereas the 

remaining ~5-10% are TCR positive. In the normal intestine, approximately 10% of the 
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intra epithelial lymphocyte (IEL)s are γδTCR positive [12], while they are rare in the lamina 

propria (LP). The majority of the normal intestinal LP T-cells are αβ positive, whereas only 

1% are positive for γδ.  

 

The immunological synapse 

The activation of T cells by antigen presenting cells (APCs), in the immunological synapse, is 

a central event in adaptive immunity (Figure 3). Through the TCR they recognize antigens 

presented by MHC molecules on APCs, called HLA in humans. The TCR is activated by the 

first signal through the interaction of the TCR, CD4/8 and HLA [1]. The second signal, also 

called the co-stimulatory signal, is e.g. achieved from the interaction of CD28 with 

CD80/CD86 (or CD40-CD40 ligand and LFA-1/ICAM-1) on the APCs. The CD3 complex, 

which is associated with the TCR, is responsible for the transmission of the activation signal 

into the cell. A third signal, most often composed of cytokines produced by the APC, induce 

different pathways of differentiation of the effector T cells, which in turn induce different 

effector responses. Enrichment of the molecules involved in the immunological synapse is 

essential for a successful T-cell activation. Signalling by TCR and HLA alone in the absence 

of co-stimulatory signals, leads to anergy or apoptosis. These responses are defence 

mechanisms against activation of the immune system when danger signals are lacking, as 

danger signals are known to up-regulate CD80/86. T cells can also be deactivated via the 

interaction of the inhibitory molecule cytotoxic T lymphocyte associated antigen (CTLA)-4 

with CD80/86 on the APCs.  
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Figure 3. The immunological synapse.  

 

Th cells recognize exogenous antigens presented by HLA class II molecules, present on 

professional APCs such as DCs, macrophages and B-cells, and they mediate help to other 

cells by secreting cytokines. The Tc cells recognize endogenous antigens presented by HLA 

class I molecules, present on all human cells. The Tc cells kill e.g. infected cells via perforin 

or granzyme or by Fas-Fas ligand interaction.  

 

B cells 

The B cells produce immunoglobulins (Igs) which can be bound to the cells and function as B 

cells receptors (BCRs), which recognize antigen, B cells can also secrete the Igs, which then 

are called antibodies and are subdivided into the isoptypes IgM, IgD, IgA, IgG and IgE. IgA 

is the predominant antibody isotype in humans. The IgA and IgG antibodies can be further 

divided into the subclasses, IgA1 and IgA2 and IgG1, IgG2, IgG3 and IgG4, respectively. At 

mucosal surfaces IgA is the most important antibody, which mainly is present as dimers. 

Before the B cells are activated they express IgM and IgD, but after maturation they switch to 

IgA, IgG and IgE [1], depending on the local cytokine milieu [13]. Switching to IgA is for 

instance stimulated by TGF- About 15-40% of mononuclear cells in the normal small 

intestinal lamina propria (LP) are B cells. The humoral immune response in the gut-associated 
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lymphoid tissue (GALT) is dominated by the production of secretory IgA, while IgG and IgM 

are also produced in the intestine but to a lesser extent. Secretory Ig A constitutes the largest 

humoral immune system of the body and performs antigen exclusion at mucosal surfaces [14]. 

 

The mucosal/gut immune system  

The gastrointestinal tract in adults covers an enormous area of approximately 400 m
2
 which is 

lined by a single layer of epithelial cells. The large area is achieved by the fingerlike 

projections called villi and by the microvilli of the enterocytes. The primary function of the 

intestine is to allow nutrient uptake, but also to protect the body against harmful agents and 

unwanted immune responses towards food antigens and the normal microbiota. The gut 

epithelium is the first line of defence in the intestine [15], encountering more antigens, both 

beneficial and harmful, than any other part of the body. The gastrointestinal tract also hosts 

the normal microbiota, comprised of commensal bacteria, with a total weight of about 1.5 kg 

in humans. The normal microbiota is essential for the well-being of the individual but it has 

lately also been showed to profoundly influence the development and function of our immune 

system [16].  

 

The mucosal immune system in the gastrointestinal tract, called the gut associated lymphoid 

tissue (GALT), is the largest and most complex immune compartment in the human body [15, 

17]. The GALT consists of the Peyer's patches (PP), mesenteric lymph nodes (MLNs), 

isolated lymph follicles, and large numbers of T and B lymphocytes, macrophages, dendritic 

cells, mast cells and neutrophils scattered in the LP and the epithelium. The PP are lymphoid 

aggregates found in the submucosa of the small intestine [15] [18] (Figure 4) and consists of 

B cell follicles and T cell areas, which are separated from the intestinal lumen by a single 

layer of epithelial cells containing specialized enterocytes called microfold (M) cells. The M 

cells transport luminal antigens to professional APCs, e.g. the DCs, which can move to the T 

and B cell areas of the PPs and interact with naïve lymphocytes. After activation the 

lymphocytes migrate to the MLNs, a cross road between the peripheral and mucosal immune 

system, where they differentiate and mature before they migrate into the systemic blood 

stream via the thoracic duct. Antigen presentation may also occur if an antigen enters through 

the intestinal epithelium and is picked up by APCs in the LP and then migrate to the MLNs. 

Alternatively, the antigen might pass through the intestinal epithelium, disseminating into the 

blood stream from the gut and then interacting with T cells in peripheral lymph nodes. 
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Additionally, macrophage-like DCs sample the gut lumen by projecting antigen-sampling 

dendrites across the IEC layer [19, 20]. After capturing the antigen the macrophage-like DCs 

transfer the antigen to migratory DCs which move to the interfollicular areas of the PPs and 

MLNs to interact with the T cells. Different adhesion molecules and chemokine receptors, e.g. 

47 and chemokine receptor (CCR)9, help the lymphocytes to home back to the mucosa, 

where they accumulate and redistribute into distinct compartments. After maturation, both the 

B and CD4+ cells reside in the LP, whereas the majority of the CD8+ cells migrate into the 

epithelium. After activation T cells homing to the mucosa might act as effector cells, memory 

effector cells or regulatory cells however. When the effector cells home back to the intestinal 

mucosa they re-encounter their specific antigen presented on a diverse population of APCs 

[21]. This interaction may in invasive infections result in increased production of IFN-, IL-

17, TNF-, lymphotoxin- and IL-2, which leads to enhanced function of Th and B cells, but 

also to increased activation of APCs, macrophages and endothelial cells. The uncontrolled 

production of Th1/Th17 and macrophage derived inflammatory mediators result in 

recruitment and activation of additional leukocytes in the gut tissue leading to intestinal 

inflammation. Under homeostatic/non-infectious conditions, it is believed the activated T 

cells differentiate into one of the three effector phenotypes: Th1, Th17 or Treg.  

 

After antigen processing and presentation the B cells proliferate and migrate via the blood 

stream to mucosal tissues where they differentiate into IgA producing plasma cells [18]. IgA 

is transported across the epithelial cells via transcytosis. The local availability of the vitamin 

A metabolite retinoic acid is probably important for the IgA-inducing capacity but also for 

Treg cells. Retinoic acid skews intestinal B-cell responses toward IgA production, by 

inducing tolerogenic Foxp3+ Treg cells to produce the IgA inducing factor TGF-1 [19]. 
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Figure 4. The intestinal mucosal immune response to enteric antigens. Different routes of activation of 

T cells by enteric antigens. The figure is modified from [21].  

 

Oral tolerance  

The role of GALT is to maintain gut homeostasis; thus to keep a balance between tolerance 

and inflammation in the intestine. The usual response to harmless gut antigens is induction of 

systemic immunological tolerance, known as oral tolerance [15, 22]. This was first described 

100 years ago, but  the mechanism of oral tolerance is still poorly understood (reviewed in 

[23]). The immunological consequence of an orally administered antigen depends on where 

and how the antigen is taken up and presented to the immune cells [24]. Particulate and 

replicating antigens often induce active immunity instead of tolerance, which might be due to 

the polysaccharide components. Normally, tolerance is induced to all thymus dependent 

soluble antigens. Disruption of the oral tolerance might lead to pathological conditions.  

 

Several mechanisms have been implicated in oral tolerance including active regulation by 

Tregs, clonal deletion and clonal anergy of T cells [22]. A number of different Tregs have 
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been implicated in oral tolerance, including Th3 cells, Tr1 cells, nTregs iTregs and also CD8+ 

Tregs [18, 22]. Activation of the T cells (Th1, Th2, Th3, Tr1, Treg) and the fate of the 

immune response depend on how the intestinal DCs are activated [18]. Furthermore, the 

composition of the gut microbiota has also been suggested to affect oral tolerance [22]. The 

homeostatic/tolerogenic responses within the GALT induced production of secretory IgA 

(SIgA) by B cells (reviewed in [25]). In addition to its neutralizing effects, SIgA preserved the 

intestinal homeostasis and regulated the mucosal integrity.  

 

Probiotics 

Probiotics, often referred to as “live microorganisms which when administered in adequate 

amounts confer a health benefit on the host”, have been suggested to enhance the intestinal 

barrier function and to affect the immune system by influencing the composition of the 

intestinal microbiota [26]. Lactobacilli and bifidobacteria are gram-positive lactic acid 

bacteria (LAB), which are normal inhabitants of the intestinal microflora. They are also the 

most commonly used probiotic species, which are considered to be safe for administration to 

humans. The probiotic preparations are composed of single or mixed cultures of live 

microorganisms. However, little is known about the exact mechanisms of how lactobacilli 

may exert their beneficial effects. One possible mechanism is through activation of the innate 

immune system [27]. Probiotic bacteria may exert their effects on a wide array of immune and 

mucosal cells including T-cells, B-cells, natural killer (NK) cells, DCs, 

monocytes/macrophages and epithelial cells. Dependent on cell type and strain of probiotic 

bacteria used, these immunomodulatory effects can manifest themselves as immune 

activatory, deviatory or regulatory/suppressive [26]. Probiotics are able to polarize the 

immune responses by inducing a release of cytokines from activated DCs [28]. This cytokine 

release induces a T cell polarization of the naïve T cells. Probiotic lactic acid bacteria have 

e.g. been shown to stimulate both pro-inflammatory (Th1) and anti-inflammatory responses 

(Treg) both in the gut and in PBMC cultures [27] [29, 30](reviewed in [23]). It has also been 

shown that probiotic lactic acid bacteria up-regulate the surface markers CD40, CD83, CD86 

and HLA-DR [31]. Probiotics may also have indirect effects on the on the immune responses 

mediated by its effects on gut permeability and morphology (reviewed in [23]). 
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Infant immunity 

Newborn infants have an immune system with impaired function, which confers increased 

susceptibility for infections. The infants are mainly dependent on the innate immunity for 

protection against infections, since the priming of the adaptive immune system is limited in 

utero (rewieved in [32]). The innate immune system is somewhat immature in newborns, e.g. 

the numbers of DCs are low and the cells express lower levels of the co-stimulatory molecules 

CD80/86 [33]. Thus, the DCs are not fully capable of activating both innate and adaptive 

immune responses. The expression of TLR and its downstream signaling molecules seems 

however to be stable in young children, and to be similarly expressed as in adults [34].  

 

The adaptive immune system of the newborn is immature. Infants have low numbers of 

effector memory T cells and effector B cells. Furthermore are the infants CD4+ T cells 

skewed towards Th2 cytokine production. Normally, a down-regulation of the Th2 deviation 

is seen with age, in parallel with an up-regulation of the Th1 responses. The antibody 

production is limited in infants [35], especially during the first year of life. However, maternal 

IgG and IgA antibodies, transferred to the fetus during pregnancy and breast-feeding 

respectively, confer immune protection of the infant during the first months of life.  

 

The developing immune system depends on environmental exposures in order to mature 

normally (reviewed in [25]). The intestinal microbiota and its diversity are important for the 

development of the immune system and immunological tolerance. Colonization with certain 

bacteria might enhance the maturation of the mucosal SIgA system and might also influence 

systemic immune responses [36]. An appropriate microbial stimulation is suggested to be of 

importance for an optimal T cell development and prevention of disease development 

(reviewed in [25]).  

 

Colonization of the infant was previously suggested to start immediately after birth [37]. 

Recent studies have however indicated that the colonization starts already during pregnancy 

(reviewed in [25]). The way of delivery has been shown to influence the microbiota of the 

newborn. Infants delivered vagnially are exposed to and colonized by a different microbiota 

than infants delivered with caesarean section [38]. The diversity of the microbiota has been 

reported to be increased by breast-feeding [37]. A diverse microbiota early in life might 

prevent disease development of e.g. allergies [39].  
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Celiac disease (CD)  

History  

Celiac disease (CD), also known as gluten sensitive enteropathy and coeliac sprue, was first 

described around the first century A.D. as an intestinal disorder associated with malabsorption 

and diarrhea (Rewieved in: [40]). The first modern description of the disease was made in 

1888 by Samuel Gee who described the condition in adults and children (Reviewed in [41]). 

During World War II it was discovered that the frequency of CD decreased when there was 

shortage of wheat flour and after the war when wheat flour re-occurred in the diet the CD 

patients relapsed. Thus, it was discovered that CD was caused by the consumption of cereal 

gluten proteins from wheat, barley and rye and it was proposed to treat patients with a life-

long gluten-free diet (GFD) [42](Rewieved in [40, 43]. In the 1950´s it was found that the 

fingerlike projections of the small bowel mucosa, the intestinal villi, were absent in patients 

with CD who consume gluten (Rewieved in [40, 44]). Later on, it was documented that the 

intestinal mucosa recovered after GFD treatment [45].  

 

Genetic factors 

Genetic factors play a key role in the predisposition of CD. The disease is considered to be a 

polygenetic disorder, where MHC/HLA is the most important genetic factor, which accounts 

for 40-50% of the genetic variance. The MHC class I and II molecules act as recognition 

molecules and present antigens to effector cells in the immune system. The primary 

association in CD is with the MHC/HLA class II present on chromosome 6. The majority of 

the patients (90%) carry HLA-DQ2 (DQA1 *05:01, DQB1 *02:01, also called HLA-DQ2.5), 

whereas it is only carried by a third of the general population [46-48]. The other CD patients 

are carrying HLADQ8 (DQA1*03, DQB1 *03:02) (5%) or another variant of HLA-DQ2 

(DQA1 *02:01, DQB1 *02:02, also called HLA-DQ2.2) (5%) [49, 50](reviewed in [51]). 

HLA-DQ2 homozygouts have a five-fold higher risk of developing CD compared to HLA-

DQ2 heterozygouts [52]. APCs homozygous for HLA-DQ2 have stronger gluten-specific T-

cell responses than APCs heterozygous for HLA-DQ2, probably since they have a higher 

number of HLA-DQ2 molecules capable of presenting gluten peptides [53]. The HLA-alleles 
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are suggested to be responsible for the aberrant presentation of the transglutaminase modified 

gliadin peptide and the induction of intestinal inflammation. 

 

The DQ2 and DQ8 haplotypes are necessary but not sufficient for disease development, since 

they are accounting for 40-50% of the genetic variance [54]. Thus, approximately 50% of the 

genetic variability remains to be explained. So far at least 39 other loci harboring 64 genes 

(together accounting for 5-14% of the genetic variance) have been described, most of which 

are involved in inflammatory and immune responses [55-57](reviewed in [51]). 

Polymorphisms in the CTLA-4 and protein tyrosine phosphatase, non-receptor type 22 (PTPN22) 

genes have been suggested to modulate the risk of CD [58-63]. The non-HLA genes together 

seem to contribute more to the genetic susceptibility than the HLA-genes, but the contribution 

from each gene appears to be modest [64](reviewed in [51]).  

 

Environmental factors  

Environmental factors are also involved in the predisposition of CD. The major environmental 

trigger is ingestion of gluten, the protein fraction of wheat, barley and rye. Studies have 

shown that environmental factors such as breast-feeding as well as gluten introduction during 

weaning at the age of 4-6 months have a protective effect on early disease development [65-

68], whereas infections, such as rotavirus infections, have been suggested to increase the risk 

for CD [69-73] and type 1 diabetes (T1D)[74]. Furthermore, differences in the composition of 

the microbiota have been reported in patients with active CD and patients on a GFD compared 

with healthy controls, and may be involved in CD pathogenesis [75-78]. Presence of bacteria 

in the small intestinal mucosa of CD patients has been suggested to be an indicator of aberrant 

innate immunity.   

 

Symptoms  

CD may be difficult to detect since it may present with a wide range of clinical manifestations 

which vary with age [79-81]. CD was initially considered to be a pediatric disorder, but 

nowadays CD is increasingly diagnosed also in adults [82]. The clinical manifestations of CD 

are quite variable from severe to mild gastrointestinal symptoms, or even absence of 

symptoms despite presence of a mucosal lesion [73]. Infants and young children generally 

present with diarrhoea, or constipation, vomiting, abdominal distention, failure to thrive and 
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unhappy behaviour [83, 84](reviewed in [44]). The signs of malabsorption often include iron-

deficiency anaemia, hypoalbuminemia, and vitamin deficiencies. Older children and 

adolescents often present with vague symptoms such as short statue, neurological symptoms, 

recurrent abdominal pain, delayed puberty or anemia [44, 80, 83, 84]. Sometimes iron-

deficiency anaemia or short statue is the only presenting sign of CD in older children and 

adolescents. Adults often present with diarrhoea, sometimes accompanied by abdominal pain 

or discomfort [85], anemia, osteoporosis, fatigue, but they may also present with neurological 

symptoms, e.g. epilepsy, or psychological disturbances such as anxiety and depression [44, 

83, 86-89]. Untreated CD is associated with a variety of health problems related to 

immunological processes and impaired nutrient absorption [90]. The symptoms of a patient 

with CD seem not to be associated with the degree of the villous atrophy [91, 92]. Instead, the 

symptoms in CD seem to be related to the length of the affection in the intestine and thus not 

to the severity of the mucosal lesion. However, symptom resolution, upon GFD treatment, 

seems to be associated with a normalization of the mucosal lesion [91].  

 

Dermatitis Herpetiformis (DH) is considered a dermatological manifestation of CD, rather 

than an associated disease. DH is characterized by an itchy blistering skin rash associated with 

an increased density of IELs in response to gluten challenges [93]. About 75% of the patients 

with DH have small-bowel villous atrophy with crypt hyperplasia and the remainder have 

minor mucosal changes (reviewed in [94]). The symptoms are relieved on a GFD and relapses 

upon gluten challenge.  

 

The true prevalence of CD is difficult to estimate since the symptoms often are vague and the 

spectrum of symptoms is wide, leaving a large proportion of cases undiagnosed [81, 83]. The 

epidemiology of CD has been illustrated as an iceberg, where the clinically diagnosed CD 

cases are the visible part of the iceberg above the waterline, whereas the remaining majority 

of the CD cases, the subclinical (unrecognized) and potential cases are hidden below the 

waterline (Figure 5). Meta-analyses have shown that for every patient identified with CD 

seven to eight remain undiagnosed, thus the majority (of about 90%) of the celiac subjects 

remain undiagnosed [95-97].  
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Figure 5. The celiac iceberg, according to the “Oslo definitions”. The figure is modified from [98].  

 

Recently new consensus definitions of CD were proposed (the “Oslo definitions”), since there 

was a lack of consensus regarding the diagnostic criteria of the disease [99]. Classical CD, 

often presents before the age of two years and is characterized by villous atrophy and clinical 

signs of malnutrition. Non-classical CD, on the other hand often presents in older children and 

in adults, in which the features of malnutrition are absent. Symptomatic CD is characterized 

by clinically evident intestinal symptoms related to the gluten intake. Sub-clinical CD is a 

more or less symptomless form of CD, which is below the threshold of clinical detection 

without signs or symptoms sufficient to trigger CD testing. Asymptomatic CD is not 

accompanied by symptoms even at direct questioning, instead it is often recognized upon 

screening of patients with autoimmune diseases, genetic disorders or relatives of CD-patients. 

Potential CD is suggested to be used for those whom the diagnosis latent or low-grade CD 

should be considered. Potential CD is characterized by a normal intestinal mucosa or a 

mucosa with minor alterations and inflammatory changes in the epithelium, such as increased 

density of CD3-positive cells and αβ- and γδ-TCR-bearing IELs and enhanced HLA-DR and -

DP expression in epithelial crypts [100-102]. The individual with potential CD may or may 

not develop the disease later on [103-105].  
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Diagnosis  

The current diagnostic criteria for CD are proposed by the European society of pediatric 

gastroenterology, hepatology and nutrition (ESPGHAN). The original ESPGHAN criteria 

from 1970 included two or more biopsies, the 1
st
 initial biopsy on suspicion of CD during 

active disease showing abnormal intestinal mucosa, the 2
nd

 biopsy on GDF showing 

normalization of the gut mucosa and the 3
rd

 biopsy showing deterioration of the gut mucosa 

during challenge with gluten-containing diet (rewieved in [83]). The ESPGHAN criteria were 

revised in 1990 when serological markers were added to the diagnostic arsenal. The 

development of serologic tests has facilitated diagnosing CD, but in some cases it has become 

more intricate, when the clinical symptoms, serology and histopathological picture are 

inconsistent.  

 

Normally, diagnosing CD still requires at least one biopsy showing the characteristic findings 

of the disease, and a positive response to GFD. The 2
nd

 and 3
rd

 biopsies are considered 

obligatory only when there are doubts about the initial biopsy interpretation and/or the clinical 

response to a GFD. However, the latest guidelines from the ESPGHAN from 2012 suggest 

that a biopsy may be omitted in children with typical symptoms, if they have high titers of 

transglutaminase antibodies (TGA) (with levels 10 times higher than the upper normal limit) 

together with the predisposing HLA genotypes [106]. The gold standard for diagnosing CD is 

still a mucosal biopsy taken from the small intestine, preferably from the proximal jejunum. 

The biopsies are taken by capsule or by endoscopy. In Sweden the biopsies obtained from 

small children used to be taken by a Watson or a Storz capsule [107], whereas in older 

children and adults the biopsies were often obtained by endoscopy. Nowadays, endoscopy are 

often used since multiple samples are recommended because the mucosal lesion may be 

patchy [108, 109].  

 

Histopathology 

Marsh described the CD associated histopathological alterations of the intestine 

systematically [110]. An inflammatory lesion in the upper small intestinal mucosa 

characterized by increased frequency of IELs, together with various degrees of small 

intestinal villous atrophy and crypt hyperplasia is a hallmark of untreated CD [47, 85, 111]. 

Under normal circumstances the intestinal epithelium is almost impermeable to gliadin, while 

in CD the (para-cellular) permeability is enhanced and the tight junction system is comprised. 
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In CD the classical mucosal lesion is characterized by a flat mucosa with absent villi, villous 

atrophy, and heavily elongated crypts, crypt hyperplasia. The intestinal absorptive area is 

thereby decreased which leads to malabsorption. A strict GFD generally leads to a 

normalization of the mucosal lesion. Histological recovery of the mucosa is assumed to occur 

within 6 to 12 months after introduction of a GFD, simultaneous with clinical remission. 

However, healing of the mucosa may take from 6 to 24 months after introduction of GFD 

treatment, and in some cases the recovery may remain incomplete [112]. The healing of the 

mucosa seems to be faster and more completely in children than in adults. In the youngest 

patients, a positive response to GFD may be reported by the parents within a week.  

 

In the active celiac lesion, there is also an increased infiltration of T cells in the epithelium 

and increased activation of T cells in the lamina propria [113]. Both the TCRαβ+CD8+ and 

the TCRγδ+ cells are increased in active CD (reviewed in [111, 114]). The infiltration of T 

cells in the LP of the active celiac lesion is dominated by CD4+ memory T cells (CD45RO+) 

bearing the α/β TCR [115]. The gluten specific Th1 response is leading to production of pro-

inflammatory cytokines, e.g. IFN- and TNF-. The increased IEL and LP T-cells are not 

completely normalized on a GFD [116]. Indeed treatment with a GFD normalizes the 

TCRαβ+CD8+ IELs, whereas the TCR γδ+ IELs remain elevated [117]. The IEL count does 

not always correlate with the degree of mucosal lesion. 

 

Different classifications have been used for the grading of the histological changes. In 

Sweden both the Alexander scale, the KVAST grading and the Walker Smith classifications 

have been used. Nowadays  the Marsh-Oberhuber scale is often used for grading of the 

mucosal lesion where Marsh 0 corresponds to a normal mucosa, Marsh 1 is characterized by a 

normal mucosa but with increased IEL, Marsh 2 is characterized by a normal mucosa with 

increased IEL and crypt hyperplasia, Marsh 3 is characterized by villous atrophy, crypt 

hyperplasia and IEL increase (reviewed in [44])[118, 119]. There are 3 different subtypes of 

Marsh 3: type a with mild villous flattening, type b with marked villous flattening and type c 

with a total flattening of the mucosa. Marsh 4, which is very unusual, is characterized by a flat 

mucosa but with normal crypt height and number of IELs. 
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Serologic markers 

Increased humoral activity with increased density of plasma cells and antibody production is a 

hallmark of CD. Detection of serological markers is thereby an important tool in the diagnosis 

of CD. Serological screening of individuals with suspicion of CD or at risk for CD helps 

clinicians to decide whom to investigate further. Serological screening is so far generally not a 

substitute for biopsies. As no single test can definitely diagnose or exclude the disease in 

every individual, biopsies of the proximal part of the small intestine remain the gold standard 

test in individuals with positive antibody tests.  

 

Individuals with typical indications for disease undergo serological testing. The available and 

most sensitive tests include antibody tests of immunoglobulin (Ig)A class to AGA, EMA and 

TGA, which are used in different combinations at different ages to diagnose CD. Anti 

reticulin antibodies directed towards connective tissue which were described already in the 

1970´s (reviewed in [120]) are generally not used any longer due to the low sensitivity 

(reviewed in [44]). The specificity and sensitivity of the different antibody tests vary 

considerably. A complicating factor in testing for CD is that IgA deficiency prevalence is high 

and even increased in the celiac population, and that both the TGA and EMA tests are based 

on IgA antibodies [121]. In cases of IgA deficiency, tests based on IgG antibodies can be of 

value [122].  

 

Anti-gliadin antibodies (AGA) were discovered already in 1958 (reviewed in [123]) and thus 

the AGA test was the first to be used in screening of CD [124]. In screening of normal 

populations IgA AGA has been shown to have a sensitivity of 82 and a specificity of 90%, 

which is low. Apart from in CD, AGA may be found in cow´s milk intolerance and Crohn´s 

disease. Nowadays IgA AGA is often used in the pediatric population (in children younger 

than 18 months) due to the higher specificity in children than in adults [95]. Furthermore, 

AGA is often used in follow-up of CD, as an indicator of dietary compliance [125]. The 

recent ESPGHAN guidelines suggested that AGA should not be used in CD diagnosing in 

patients who are negative for other CD-specific antibodies but in whom clinical symptoms 

raise a strong suspicion of CD [106]. Instead, the new deamidated gliadin peptide (DGP) IgG 

antibody test, with a sensitivity and specificity of > 90%, was recommended to be used for 

screening in IgA deficient individuals and young children < 2 years [106](reviewed in [48]).  
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EMA which was discovered in the 1980´s (reviewed in [123]) has proven to be superior to 

AGA in screening studies. The EMA test has high sensitivity and specificity for CD (93 and 

99%, respectively) [125-127] (reviewed in [48]), but is generally not used in children younger 

than two years since they often are false negative [125, 128]. EMA is however not exclusively 

positive in gluten sensitized individuals, which might be due to the severity of the lesion and 

the length of the involved intestine [129].  

 

The enzyme tissue-transglutaminase (tTG) was discovered as the autoantigen in CD in 1997 

[130]. The TGA test has a high sensitivity and specificity (94 and 97%, respectively) (Wong 

2002) (reviewed in [48]), and is well suited for detection of CD [127, 131-133]. TGA is 

nowadays suggested to be used in combination with EMA [95], since EMA and TGA has a 

sensitivity of >90% and correlates with the degree of mucosal damage [134-137].  

 

As mentioned before, antibody production is a hallmark of CD and is used for disease 

prediction. It is however not known if the autoantibodies play a role in the CD pathogenesis or 

if they are an epiphenomenon. Gluten seems to drive the antibody production since the 

presence of autoantibodies is strictly dependent on the exposure to gluten.   

 

HLA typing 

HLA typing can also be used for diagnostic purposes. HLA-genotyping is for example useful 

in subjects with potential CD, or uncertain diagnoses. In these cases a negative result, absence 

of HLA-DQ2, -DQ8 and DQB1*02, is diagnostic since it excludes a CD diagnosis (reviewed 

in [137, 138])[106]. However, HLA genotyping can also be used to strengthen the diagnosis 

in individuals with strong clinical suspicion of CD with high specific CD antibodies, but 

where a small intestinal biopsy cannot be performed [106].  

 

Epidemiology 

In the past CD was considered to be a rare disease mainly affecting individuals of European 

origin, but it is now considered to be a global problem. Nowadays CD is the most common 

food-related chronic disease in children, since the prevalence of CD has increased during the 

last decades [85, 139, 140]. It has been shown that CD affects 0.6-1.0% of the population 

worldwide with large regional differences in Europe: 0.3% in Germany and 2.4% in Finland 
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[136, 141-146]. CD is also common in developing countries such as North Africa and the 

Middle East and has also been described in India and China [55, 147, 148]. The prevalence of 

CD is over 5% in the Saharawi population, living in the western part of Sahara [149].  

 

The concordance of CD in monozygotic twins is 75-80% [150] in comparison to dizygotic 

twins where the concordance is about 17%. The risk of developing the disease in first-degree 

relatives varies between 10% and 20% [151]. Children of an affected mother are more likely 

to develop CD, than children of an affected father. For unknown reasons the disease is more 

common in girls than in boys, and in children born in the summer [152-154]. This might be 

explained by the production of sex hormones which influence immune responses [155]. Girls 

seem generally to be Th1 deviated, in contrast to boys which seem to be more Th2 deviated 

[155, 156]. In many affected individuals CD remains undiagnosed, but the rate of diagnosis is 

increasing due to the frequent screening for the disease [142, 143, 157-163]. Thus, screening 

studies are an important tool for detection of asymptomatic CD, which confers reduced risks 

for long term complications.  

 

In Sweden the incidence of CD in children <2 years showed an epidemic pattern during the 

period 1984-1996 [164]. The incidence increased four-fold in the middle 1980´s and remained 

high until the middle 1990´s where there was a rapid decrease. The increase was partly 

attributed to changes in the infants´ dietary advices regarding breastfeeding and gluten 

introduction with postponement of gluten introduction to 6 months of age [67]. In the 1990´s 

the national diet recommendations returned to a more favorable gluten introduction, back to 

introduction at 4 months of age, resulting in a decreased total incidence and a shift toward 

older age at diagnosis [152]. The birth cohorts during the epidemic were exposed to an infant 

feeding pattern which seems to affect the risk for CD throughout childhood and possibly also 

throughout the life span [152, 165]. A long-term study showed reduced prevalence of CD in 

12-year-olds born after compared with during the “celiac epidemic” [166]. Thus, infant 

feeding affects the risk of developing CD, at least up to the age of 12 years. Further follow-up 

studies are needed to determine whether the lifetime risk has changed.  

 

Development of CD/(Molecular) Pathogenesis   

CD is considered to be a systemic autoimmune disorder triggered by the ingestion of gluten 

(the major protein found in wheat, barley and rye) in genetically predisposed individuals [64, 
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167]. Thus, development of the disease is suggested to be determined by an interplay between 

genetic (HLA-DQ2 or -DQ8) and environmental factors (gliadin, virus infections) (Figure 6).  

 

 

Figure 6. The natural history of CD.  

 

Most of the knowledge of the disease comes from studies of humans. The animal models of 

CD developed during the last 10 years have provided a new paradigm of CD pathogenesis: 

consisting of 3 parts: 1) an aberrant innate immune response to gliadin that occurs in 2) the 

context of HLA-DQ2/DQ8 as well as perturbations to 3) the regulatory arm of the immune 

system resulting in autoimmunity and CD [168]. Marietta et al suggested that an activation of 

all three arms would occur simultaneously to induce the gliadin induced villous atrophy in 

CD. The activation was suggested to be triggered by environmental or behavioural factors. 

Another study by Catassi et al (2010) showed that loss of gluten tolerance leading to CD 

occurs at any time of life, due to unknown reasons [169]. The gluten quality and amount, the 

type and duration of wheat dough fermentation, the spectrum of intestinal microorganisms 

and their variation, intestinal infections and stressors were suggested to be possible switches 

of the tolerance-immune responses balance.  

 

Normally the intestine is almost impermeable to gliadin, but in CD the paracellular 

permeability is enhanced and the integrity of the tight junction system is comprised, for 

instance due to the up-regulation of zonulin [170, 171]. Furthermore, inflammatory mediators 
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such as IFN- and TNF-increase the intestinal permeability and thereby conserve the access 

of gliadin to the submucosa and the subsequent damage to the mucosa.  

 

The main disease mechanism which subsequently leads to CD is suggested to occur in the LP, 

where an adaptive immune response to gluten peptides is taking place [170]. HLA-DQ2 and 

HLA-DQ8 present gluten peptides and induce a CD4+ T-cell response. tTG deamidates the 

neutral gluten peptides (glutamine) into negatively charged glutamic acid which binds with 

high affinity to HLA-DQ2 and HLA–DQ8. Activated gluten reactive CD4+ cells produce 

high levels of pro-inflammatory cytokines, (mainly IFN-) which promotes inflammatory 

effects. This in turn induces secretion of matrix metalloproteinases (MMPs), by fibroblasts or 

LP mononuclear cells, which are responsible for tissue remodeling. Activated CD4+ cells also 

drive the activation and clonal expansion of B cells, through production of Th2 cytokines. 

Subsequently the activated B cells differentiate into plasma cells, which are present in the LP 

and produce AGA and TGA. TGA deposits might induce epithelial damage by interacting 

with extra-cellular membrane bound tTG in the basement membrane.  

 

Gliadin, the ingested antigen in CD, is poorly digested in the small intestine, where it 

generates long peptides and express epitopes for gliadin-specific T-cells. Expression of tTG, 

the prominent endomysial autoantigen, which is an enzyme important for control of cell and 

tissue homeostasis, is increased in individuals with CD both in active disease and in remission 

(reviewed in [114, 172]). tTG is a cytoplasmic enzyme released extracellularly in response to 

tissue wounding brought about by stress, inflammation, infection or during apoptosis 

(reviewed in [44, 173]). In CD tTG has an important role in modifying gluten epitopes prior 

to their recognition by T-cells, namely to deamidate the glutamine- and proline-rich gluten 

peptides thereby transforming them into glutamic acid. tTG has also been suggested to cross-

link gliadin resulting in gliadin-gliadin complexes and gliadin-tTG complexes which trigger 

immune responses. tTG  also stabilizes the connective tissue by cross-linking of matrix 

proteins. The modification of the gluten peptides enhances their binding to HLA-DQ2 or -

DQ8 molecules, which in turn stimulates gluten-specific T-cells leading to production of Th1 

proinflammatory cytokines [174, 175]. The immune system cross-reacts with the mucosa 

causing an inflammatory reaction, leading to crypt hyperplasia and villous atrophy. T-cells 

have a central role in the tissue destruction, but the exact mechanism of action of the IELs is 

unknown.  
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One of the hallmarks in CD is the alteration in the frequency, composition and activation 

stage of IELs. The precise role of the IELs in CD is however unclear. The most prominent 

lineage of IELs are the TCR+CD8+CD4- cells, but the TCR+CD8-CD4+ cells and the 

TCR+CD8-CD4- cells also are present (reviewed in [114]). Both CD8+CD4- and 

+CD8-CD4- T cells are increased in the small intestine of patients with active CD [101] 

(reviewed in [114]). The  IEL T-cell number varies with disease activity and returns to 

normal on GFD [101, 117, 176] (reviewed in [114]). Whether the frequency of  IEL T cells 

is correlated with disease activity or is constantly elevated even after GFD is still 

controversial. In active CD, a selective expansion of the otherwise rare natural killer T (NKT) 

cell–like +CD94+ IEL subtype is also seen [177]. Furthermore, in the LP of active CD 

there is an increase in the number of activated CD4+ T cells [178]. The LP T-cells express 

CD25, but not the proliferation marker Ki67 [113] (reviewed in [114]). Thus, the cells in the 

LP are suggested to be non-proliferative and instead produce cytokines which may induce 

epithelial crypt hyperplasia and local IEL proliferation. This fits well with the increased 

cytokine production by T-cells in the LP (reviewed in [114]). Imbalance in the cytokine 

profile, intra-epithelially, is also an important feature of active CD [179]. 

 

In active CD elevated levels of IFN- are seen [175, 179-187]. Elevated IFN- levels were 

also seen in the mucosa of GFD treated patients [179, 180]. The IFN- seems to a large extent 

to be produced by CD8++ IELs, whereas + cells and CD4++ cells also produce IFN- 

but at much lower levels [175]. Type 1 cytokines have been implicated in the 

immunopathogenesis of CD, in particular IFN-γ [188] [189], even though only minute levels 

of the Th1 inducing cytokine IL-12 is produced in the intestine of CD patients [180, 189]. The 

mechanism by which the IFN- producing Th1 cells are generated remains unknown. The Th1 

cytokines are believed to be involved in the pathogenesis by increasing the intestinal 

permeability by disruption of tight junctions [190, 191]. IFN- is also suggested to directly or 

indirectly damage enterocytes or their maturation alone or together with other mediators, 

leading to CD-related tissue damage [192].  

 

In addition to the elevated IFN- levels, active CD has been reported to be associated with 

elevated levels of IL-2 [183], IFN- [193], TNF- [183, 194], IL-6 [194], IL-4 [183], IL-15 

[180, 195], FoxP3 [181, 196, 197], IL-10 [175, 179, 181], IL-17 [184, 186, 198], IL-21 [199], 

whereas the levels of IL-18 were diminished in active disease [181]. The results from the 
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studies of intestinal cytokines are contradictory, since other studies have shown similar levels 

of several cytokines in CD patients and controls [184, 189, 200, 201] [179, 181, 182, 185, 

200]. This divergence may partly be due to methodological differences. Whether, and how 

these cytokines contribute to the intestinal lesion remains in most cases unclear.  

 

Treatment  

In CD and DH there is in most cases a permanent intolerance to gluten. A strict, lifelong GFD 

is so far the only available medical treatment of the disease. DH is treated with a GFD 

together with dapsone treatment to relieve the symptoms in the skin. The GFD is effective in 

most patients and it restores the morphology of the intestinal mucosa, relieves the symptoms 

[167] and reduces the risk for developing gastrointestinal lymphoma. Furthermore the CD 

related antibodies decline after introduction of a GFD treatment [202].  

 

70% of the CD patients with classical symptoms improve within two weeks after initiation of 

a strict GFD (reviewed in [123]). The CD related antibodies normalize after three to twelve 

months, whereas the intestinal inflammation can take somewhat longer to regress.  

 

A strict GFD means that the patient excludes all gluten proteins from the diet. This is not 

always as easy as it sounds due to gluten contamination in products presumed to be gluten-

free. The Codex Alimentarius states that food and ingredients are allowed to be labelled as 

gluten-free when they are naturally free of gluten, with a gluten level of ≤ 20mg/kg (reviewed 

in [99]). The gluten proteins, so called prolamins, are found in wheat, rye, and barley, but it is 

the alcohol soluble parts that are toxic to CD patients (reviewed in [44]). The prolamines in 

wheat are called gliadins and in rye and barley they are called hordeins and secalins, 

respectively. The disease-inducing properties of rye and barley are suggested to be due to T-

cell cross-reactivity against gliadin-, hordein- and secalin-derived peptides [203]. Pure oats, 

containing avenin, is nowadays considered to be tolerated by most CD patients, and is 

therefore allowed in the diet in some countries including Sweden [204-210]. However, a 

subset of celiac patients being on a GFD containing oats did not normalize their intestinal 

immune responses [211]. This was reported to be an indication of that the intestinal 

epithelium still was stressed and that oats not was tolerated in these individuals. Neither 

seemed the gut microflora function to be normalized in patients on an oats-containing GFD 
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[212]. Corn, containing zein, as well as rice and millet are generally considered to be non-

toxic to CD patients [213] (reviewed in [173]). 

 

Associated diseases  

About 30% of adults with CD have one or more autoimmune disorders, compared to about 

3% in the general population (reviewed in [140]). Thus, the risk for CD is higher in 

individuals with other autoimmune diseases, such as type 1 diabetes (T1D) and Sjögren´s 

syndrome, but also in individuals with Down´s syndrome and IgA deficiency [214, 215]. CD 

is relatively frequent among children suffering from T1D, in which the risk seems to be linked 

to HLA-DQ2 [163, 216]. 5-10% of patients with T1D develop CD. In many cases CD is 

discovered after screening initiated after the onset of diabetes, where the individuals often are 

asymptomatic or have diffuse symptoms [217]. Several studies have revealed an association 

between CD and Down’s syndrome, since there is an increased prevalence of CD among 

patients with Down’s syndrome [218, 219]. Studies have also shown links between CD and 

Addison´s disease and also the autoimmune thyroid disorders; Hashimoto´s and Grave´s 

disease, which seem to be associated with HLA-DQ2 and HLA-DQ8. Associations between 

CD and the autoimmune disorder; systemic lupus erythematosus (SLE) has also been 

reported. It seems that by unknown mechanisms, long-term undiagnosed and untreated CD 

predisposes to autoimmunity [173], which urges early detection and treatment of CD. 

 

Mortality & malignancy 

The prognosis for young children with CD was poor before the development of a GFD 

treatment, with mortality rates varying between 10% and 30% due to malabsorption and its 

complications (reviewed in [120]). The mortality and malignancy rates fell markedly after 

introduction of a GFD treatment [220, 221]. Nowadays people with CD on a GFD have very 

small increases in overall risks of malignancy and mortality [222-224].  

 

Most CD patients are relieved by a life-long GFD, which interrupts the intestinal gluten 

response leading to recovery of the villous architecture and alleviated symptoms. However, 

approximately 5% of the CD patients (often older patients with longstanding CD) develop a 

condition called refractory celiac disease (RCD) [47, 225]. Patients with RCD fail to respond 

to a GFD or they experience a relapse despite such a diet. RCD may be classified as type I or 
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type II, both with persistent symptoms, in which the first has a normal IEL population and the 

second has an aberrant IEL population. RCD type I follows a relatively benign course with a 

5-year survival rate of 80–96%, whereas RCD type II is associated with poor prognosis 

despite conventional therapeutic intervention with a 5-year survival rate of 40-58% [226]. The 

poor prognosis of RCD type II patients is mainly explained by the much more frequent 

progression to enteropathy-associated T-cell lymphoma (EATL). EATL is a gastrointestinal 

tumor with origins in intraepithelial T cells. In some adult patients, often about the age of 60, 

EATL occurs in the jejunum. Treatment of EATL is chemotherapy based, but the prognosis is 

generally poor [112, 227, 228], with a 5-year survival rate of 8-20% [226].  

 

In conclusion, despite extensive research efforts is the exact mechanism resulting in 

development of CD still unknown and there is still no cure for the disease. Aberrant intestinal 

immune responses are known to be associated with disease development. However, little is 

known about the complex network of intestinal and peripheral immune responses in children 

with and without CD, which urges more studies in this field. Studies of the effect of a GFD on 

the immune responses are also of importance.  

 

Type 1 diabetes (T1D) 

History  

The first description of diabetes may have been made as early as 1500 B.C. Around the first 

century A.D. the disease was called diabetes and was described with clinical symptoms. In 

1674 Dr Thomas Willis called the disease diabetes mellitus referring to the honey sweet urine 

associated with the disease. A century later, in 1776, Dr Dobson found sugar in the blood of 

diabetic patients. Later on, in 1889 Mering and Minkowski discovered that removal of the 

pancreas from a dog lead to diabetes mellitus and death and that the pancreas secretes a 

substance called insulin involved in the sugar metabolism. In 1908 pancreatic extracts was 

used as treatment for diabetes. In 1921 Banting and Best successfully isolated insulin extract 

from pancreas and gave it to diabetic dogs which lived longer. A year later, in 1922, lack of 

insulin was discovered to be the cause of the disease when a diabetic 14-year old boy regained 

health after receiving regular insulin injections. In the 1930´s Himsworth discovered that 

diabetes could also be caused by insensitivity to insulin, not only lack of insulin. Thus, two 

forms of diabetes, type 1 and type 2, was discovered. Nowadays the term diabetes mellitus 
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also refers to gestational diabetes and maturity onset diabetes of the young (MODY) as well 

as some rare forms of diabetes. T1D accounts for about 5-10% of those with diabetes in the 

world, but is proportionally more common (10-15%) in Sweden and Finland [229] and 

dominates completely among children and adolescents. 

 

Definition & Symptoms  

Diabetes mellitus is a collective term describing a group of metabolic disorders characterized 

by hyperglycemia, due to defects in insulin secretion or insensitivity to its actions, but also 

disturbances in the fat, carbohydrate and protein metabolism [229]. The clinical symptoms of 

T1D, also known as juvenile diabetes or insulin dependent diabetes, are characterized by 

excessive thirst, polyuria, weight loss and sometimes with excessive hunger and blurred 

vision, which derive from the hyperglycaemia caused by the insufficient insulin secretion. 

The hyperglycemia is sometimes associated with impairment of growth and increased 

susceptibility to infections.  

 

Diagnosis 

The criteria for diagnosis of T1D is a fasting plasma glucose of ≥7.0 mmol/L or classic 

symptoms of hyperglycemia in combination with a plasma glucose of ≥11.1 mmol/L or a 2 

hour plasma glucose of ≥11.1 mmol/L during an oral glucose tolerance test (OGTT) 

performed according to the WHO guidelines. A pre-diabetic state is seen in some individuals 

with intermediate glucose levels which are higher than normal, although is not meeting the 

criteria for T1D [229]. These individuals with impaired glucose tolerance and/or impaired 

fasting glucose have a relatively high risk for developing T1D.  

 

Genetic factors  

Genetic factors play a key role in the predisposition of T1D. T1D is considered to be a 

polygenetic disorder, where several risk factors both within and outside the MHC/HLA region 

have been associated with disease. The MHC/HLA locus is the most important genetic factor 

accounting for about 50% of the genetic variance. The HLA-DR/DQ alleles can be either 

predisposing or protective. The majority of the patients carry the DR4-DQ8 or DR3-DQ2. The 

DQ8 and DQ2 are very common, but not necessary any longer and not sufficient for disease 
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development. The heterozygous genotype confers the highest risk for T1D, possibly because 

the HLA molecule presents islets antigens in a diabetogenic way (reviewed in [230]). The 

same genetic risk factors play a role in CD and in T1D, but the highest risk of CD is 

associated with HLA-DQ2, whereas in T1D the highest risk is associated with HLA-DQ2-

DQ8 heterozygocity. During the last decades declining numbers of patients carry the high-risk 

genotype, instead the moderate risk genotype is becoming more common in T1D patients 

(reviewed in [230]). The high-risk genotype is still often seen in younger children, an age 

group where the disease is becoming more common.  

 

Since MHC/HLA only accounts for about 50% of the genetic variance, approximately 50% of 

the genetic variability remains to be explained by other factors. Genetic riskfactors such as the 

insulin gene (INS), CTLA-4, PTPN22 and the inducible co-stimulator (ICOS) have also been 

associated with disease susceptibility. Only a relatively small proportion (<10%) of 

genetically susceptible individuals develop T1D, which implies that additional factors are of 

importance in disease development. Also the rapid increase in the incidence of T1D indicates 

a significant role for environmental factors in the disease process.  

 

Environmental factors 

Different environmental factors have been associated with T1D development. It has been 

reported that different forms of stress (during psychological stress and rapid growth) might 

result in increased -cell stress and increased insulin need and thereby might be a risk factor 

for T1D development [231]. According to the virus hypothesis, enteroviruses such as 

Coxsackie B4 virus infections, have been related to T1D induction [232]. This is supported by 

reports of associations between rota- and enterovirus infections and -cell autoimmunity in 

children with risk for T1D [233, 234]. Coxsackie B4 virus infections have been associated 

with increased autoantibody positivity and T1D onset [235-237].  

 

Some risk factors for T1D are also triggers of gut immune system, and aberrant immune 

response to them has been suggested to lead to -cell autoimmunity. The gut immune system 

which develops during the first year of life should provide protection towards harmful 

infections and induce oral tolerance to harmless food and microbes. However, an immature 

immune system or breaking of oral tolerance may lead to dysfunctional antigen presentation 

or activation of the immune system and thereby induce aberrant immune responses. It is 
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known that environmental factors like infections and dietary factors, which stimulate mucosal 

immunity, are important for the maturation of the intestinal immune system [238, 239] [37].  

 

Dietary factors such as early exposure to cow´s milk formula proteins (bovine insulin, beta-

lactoglobulin, casein and bovine serum albumin) and wheat (gluten) are also suggested to be 

risk factors for T1D [240-246]. Early or late introduction of gluten was suggested to be a risk 

factor for induction of T1D autoantibodies [247, 248]. A murine model demonstrated that a 

gluten free-diet prevented diabetes onset in NOD mice, whereas a gluten containing diet did 

not (reviewed in [249]). Gluten is suggested to affect diabetes development by inducing 

changes in immune cell populations or by modifying the cytokine/chemokine pattern towards 

an inflammatory profile [249]. Infants given cow´s milk formula are exposed to insulin from 

cow´s milk protein already during the first months of life, when the immune system still is 

immature [250]. The exposure to bovine insulin was suggested to trigger immune responses to 

human insulin, since the amino acid sequence of bovine and human insulin differs with only 3 

amino acids. Autoantibodies to insulin are the first signs of the autoimmune process directed 

towards the insulin producing -cells in the pancreas, and are considered to be of importance 

in T1D development since they preceed the clinical symptoms. Impaired intestinal T-

regulatory responses associated with T1D [181], might explain the intestinal immune 

activation and altered response to dietary antigens seen in T1D patients (reviewed in [251]). 

Studies have shown that newly diagnosed T1D patients have elevated immunologic responses 

to cow´s milk proteins (insulin, beta-lactoglobulin, casein and bovine serum albumin) and to 

gluten (gliadin) [240, 241, 252, 253]. The up-regulation of inflammatory markers shown in 

the intestine of patients with T1D [183, 254] suggests that the development of oral tolerance 

is dysfunctional and that the gut/intestinal immune system seems to be important in T1D 

development [255-257].  

 

Breast-feeding has on the other hand been suggested to have a protective effect on T1D-

development, since short duration of breast-feeding was associated with increased risk for 

T1D autoimmunity and development of T1D [258-260] [247, 261]. Early introduction of 

cow´s milk formula feeding was suggested to be one of the explanations why short duration of 

breast-feeding increased the risk for T1D [247]. The increased risk for T1D in short termed 

breast fed infants has also been suggested to be due to an increased weight which is associated 

with formula feeding [262]. Vitamin D has also been suggested to protect against T1D [263], 

since it preserves the -cells, increases the insulin sensitivity, contributes to the Th2 
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deviation, increases Tregs and increases the effect of dendritic cells. Animal studies have 

shown that the diet either can induce or prevent T1D development [264, 265].  

 

The intestinal permeability has also been suggested to be associated with an increased risk for 

T1D development. Studies have shown that the gut permeability is increased in T1D patients 

[266-269] and that it even might precede the clinical onset of T1D [269]. An intestinal 

leakiness resulting in increased antigenic load might cause activation of T-cells from the 

intestine and pancreatic lymph nodes [251]. The activated/autoreactive T-cells may circulate 

between the intestine and Langerhans islets [257, 270] [251] causing 

inflammation/autoimmune reactions that destroy the insulin producing -cells.  

 

The intestinal microbiota has been reported to modify the gut permeability, but also the 

function of intestinal immune cells and oral tolerance. It has been suggested that T1D is 

caused by synergistic effects between aberrant intestinal microbiota, dysfunctional intestinal 

barrier and altered mucosal immunity [251]. Changes in the intestinal microflora due to 

administration of probiotics, commensal intestinal microbes with beneficial effects on the 

health and well-being of the host, may modulate the immune system towards a tolerogenic 

state, which in turn might prevent T1D. Probiotics (e.g. lactobacilli) have been shown to 

induce gut maturation and induce oral tolerance. The mechanism of how probiotics influences 

the immune system is not known, but normalization of the intestinal permeability [271], 

stabilisation of the intestinal microflora [272], enhanced immunological barrier [239, 273], 

down-regulation of inflammatory responses in the gut [274] and activation of monocytes and 

DCs [29, 275] are suggested to be of importance. Probiotics may modulate the immune 

system via pattern-recognition receptors, such as TLRs, which are expressed on DCs and 

regulatory T-cells as well as on epithelial cells. This is supported by animal studies which 

have shown that commensal microbial signals induce T-regulatory responses and cytokine 

production by DCs [276]. 

 

In the hygiene hypothesis, a decreased microbial load early in life was suggested to induce 

changes in the gut microbiota, which influences programming of the immune system and 

thereby also the risk of developing autoimmune reactions [255]. Studies in non-obese diabetic 

(NOD) mice have shown that the diabetes incidence is high in a low microbial environment 

and vice versa [277, 278].   
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Serologic markers  

Autoantibodies to insulin (IAA), glutamic acid carboxylase (GADA), tyrosine phosphatase-

like insulinoma antigen-2 (IA-2A), islet cells (ICA) and the zinc transporter ZnT8 (ZnT8A) 

alone or in combination are the first markers of the on-going autoimmune process and can be 

detected years before diagnosis of T1D [279-283]. Positivity for a single autoantibody 

represents in most cases a harmless non-progressive autoimmunity, whereas presence of 2 or 

more autoantibodies reflects a progressive process that only rarely reverts. Usually positivity 

to multiple autoantibodies are present in 85-90% of individuals at the point when the patient is 

diagnosed with T1D [229]. However it is not known if the antibodies contribute to the 

pathogenesis or if they are an epiphenomenon.  

 

IAA are generally the first autoantibodies appearing in young children with -cell 

autoimmunity, but the levels generally decrease with age [284, 285]. IAA which are -cell 

specific autoantibodies found in 40-70% of newly diagnosed T1D children before any insulin 

is administered [286-289](reviewed in [290]).  

 

Autoantibodies to GAD65, an intracellular membrane anchored protein expressed at high 

levels on the pancreatic -cells, have also been reported in about 50-80% of newly diagnosed 

T1D [282, 286-289] and have been shown to persist many years after development of T1D. 

Autoantibodies to GAD have also been reported in latent autoimmune diabetes of adults 

(LADA)-patients [291].  

 

IA-2A, which are associated with rapid disease progression [292-294], are detected in 50-80% 

of newly diagnosed T1D patients [282, 286, 288, 289, 295]. IA-2A seem to be a strong 

predictor of T1D, but have been shown to vary with age and HLA genotype [296].   

 

ICA, which were detected already in the 1970´s in newly diagnosed T1D, are reported in 70-

80% of individuals with recently onset T1D [286, 289, 297], but their frequency decreases 

after diagnosis [288]. ICA are recognising islet cell cytoplasmic antigens on all endocrine 

cells of the pancreatic islets ( and PP cells).  

 

The recently discovered antibodies to (the C-terminal part of) ZnT8 have been shown to be 

strongly associated with T1D [298] and to increase with age. ZnT8A have been reported to be 
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present in 60-80% of newly diagnosed T1D and were therefore suggested to be utilized as an 

additional disease marker of T1D in older subjects in whom IAA wanes [298].  

 

Positivity for multiple autoantibodies is used as a marker of T1D in prospective studies, since 

the majority of those individuals will develop the disease [292, 299] [294]. A combined 

measurement of ZnT8A, GADA, IA-2A, and IAA raised autoimmunity detection rates to 98% 

at disease onset [298]. High levels of ICA (above 20 JDRF units) were earlier used as a cut-

off for risk of type 1 diabetes in the ENDIT-project, where nicotinamide was tested in a 

prevention study of T1D. In the general population, autoantibody-positivity is not a certainty 

for T1D-development. About 1% of healthy individuals have detectable levels of IAA, 

GADA or IA-2A.  

 

Epidemiology 

T1D is most common in Caucasians. In Europe, the incidence is highest in northern countries, 

with the exception for Sardinia where the incidence also is high. Sweden has second to 

Finland the highest incidence of T1D in the world. The incidence of T1D has increased in 

Western countries during the last decades and especially so in Finland and Sweden [300]. 

From 1978 to 1997 the incidence among children and adolescents increased in Sweden, with 

the largest increase in children younger than 5 years [301]. During the last decade, from 2000-

2007, the increase in incidence seems to have levelled off in the youngest children, with a 

shift towards older ages at T1D onset [302]. T1D in young adults has been shown to be two to 

three times more common than previously reported [303].  

 

Seasonal variation in T1D incidence has been noted in all parts of the world, with increased 

incidence in autumn and winter (reviewed in [290]). Family studies indicate that 

environmental factors seem to be involved in disease initiation.  

 

The risk for T1D in the general population is about 0.5%, whereas the concordance rate in 

monozygotic twins is 30-50% (reviewed in [290] [74]) and in dizygotic twins it is 6%. 

Children of an affected father are nearly 3 times more likely to develop T1D, than children of 

an affected mother (reviewed in [288, 290]), the reason for this is however unknown. 
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Development of T1D/(Molecular) Pathogenesis  

Development of T1D is believed to be associated with a combination of genetic, 

environmental and immunological factors, since no individual factor has been proven to 

induce T1D (Figure 7). The prediabetic period may be a few months (in very young children) 

or several years (in older children and adults) (reviewed in [288]). The earliest sign of -cell 

autoimmunity is the development of autoantibodies. When the -cell mass or function has 

declined to less than 50% an impaired fasting glucose or glucose tolerance is common. By the 

time acute symptoms of T1D develop, the -cell mass or function is believed to have 

decreased by 90%.  

 

Figure 7. The natural history of T1D. The figure is modified from [304].  

 

In T1D, the common view is that this is an autoimmune disease, autoreactive immune cells 

infiltrate the pancreatic islets destroying the insulin producing -cells, eventually leading to 

insulin deficiency [305-307]. At diagnosis of T1D most of the -cells are destroyed [290]. The 

inflamed islets of Langerhans consist of an infiltrate of cells dominated by Tc (CD8+) cells, 

but also by Th (CD4+) cells, B-cells, macrophages and NK-cells (reviewed in [290])[308]. 

Cytokines produced by Th cells are thought to be involved in the process by recruiting and 

activating macrophages and Tc cells destroying the -cells [309]. The insulitis lesion has been 

suggested to be -cell destructive when Th1 cytokines produced by islet-infiltrating lymphocytes 

dominate over Th2 cytokines. Elevated Th2 cytokine responses have on the other hand been 

suggested to down-regulate Th1 cytokine responses and thereby prevent -cell destruction [310]. 
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Results from studies of cytokines in the peripheral blood from T1D patients are discrepant, 

however. Some reported high production of Th1 cytokines and low production of Th2 cytokines in 

T1D [311], confirming results from animal studies [305], while others detected low production of 

Th1 cytokines in peripheral blood [312]. Furthermore, up-regulation of the Th17 cell associated 

cytokine IL-17 has been reported in peripheral blood of T1D patients [313-316]. The results from 

studies of Tregs in T1D are discrepant. Studies have reported increased, decreased or equivalent 

levels of FoxP3 peripherally in T1D [313-319]. Furthermore, studies of the intestinal immune 

responses in T1D have displayed elevated levels of IL-1, IL-18, IL-4, intercellular adhesion 

molecule (ICAM)-1 and the HLA antigens HLA-DP and HLA-DR, which indicates an activation 

of the intestinal immune system in patients with T1D [181, 257]. However, the intestinal levels of 

IFN- FoxP3, TNF-, TGF-, IL-4, IL-6, IL-8 and IL-15 were similar in T1D and in controls.  

 

Treatment  

The only available treatment of T1D consists of a lifelong and regular administration of 

exogenous insulin by injections or by pumps along with measurements of blood glucose 

levels to prevent acute and late complications. The insulin dose is adjusted in relation to the 

measured blood glucose levels. An optimal glycemic control is a cornerstone of diabetes care 

[320]. A long-acting basal insulin is generally given once or twice a day and covers 40-60% 

of the insulin demand/day. Regular insulin or rapid-acting insulin analogs is generally given 

as a bolus insulin at multiple times a day to coincide with meals and snacks. Physical activity, 

which is a part of the treatment, influences the insulin sensitivity and blood sugar levels. The 

treatment; the food restrictions, the regular insulin injections and blood sugar measurements 

comprise a heavy burdon on the families. Diabetic children have lower health-related quality 

of life compared to non-diabetic children [321], furthermore has it been reported that diabetic 

girls have lower quality of life than diabetic boys [322]. Psychosocial mechanisms and 

support from diabetes teams are of importance for a successful treatment. 

 

Associated diseases  

T1D is associated with other autoimmune disorders such as: Grave´s disease, Hashimoto´s 

thyroiditis, Addison´s disease, CD and autoimmune hepatitis but also with other genetic 

syndromes such as Down´s syndrome and Turner´s syndrome, [229]. About 4-9 % of patients 

with T1D develop CD [323, 324]. Children with T1D undergo screening for CD since less than 



46 

 

10% of patients with T1D who develop CD show gastrointestinal symptoms, thus most of the 

children are either asymptomatic or only mildly symptomatic [325].  

 

Mortality & Complications 

Patients with T1D have increased mortality rates compared to the general population [326-

329]. This depends on both acute complications such as hypoglycemia and keto-acidosis, but 

patients have also increased risk of death caused by traffic accidents and suicide [330].The 

chronic hyperglycemia of patients with T1D cause dysfunction and failure of various organs, 

especially the eyes, kidneys, nerves, heart and blood vessels [229]. The retinopathy is leading 

to potential loss of vision, the nephropathy to renal failure and the neuropathy to risk for foot 

amputations, gastrointestinal and cardiovascular symptoms. Good metabolic control can 

decrease the incidence [331-333], but it is very difficult to completely avoid late 

complications.  

 

Intervention & prevention studies in T1D  

Multiple intervention and prevention trials have been carried out in individuals with elevated 

risk for T1D and in T1D-patients, respectively. Plasmapheresis which was used on newly 

diagnosed T1D patients already in the 80´s seemed to preserve the beta cell function 

somewhat [334]. Another agent, Cyclosporine A, was also tried in T1D patients  with 

moderate results [335]. Anti-CD3 treatment of T1D patients resulted in preserved C-peptide 

levels and lowered insulin doses [336, 337]. Other monoclonal antibody-based agents, e.g. 

anti-CD20 and anti-CD25, have also been used in T1D intervention trials. Autoantigen based 

therapies, using GAD and insulin, have also been performed. Treatment of T1D patients with 

GAD was initially shown to preserve the fasting C-peptide levels, but later on it was shown 

that the treatment not had any clinical benefit [338, 339]. Administration of subcutaneous, 

nasal and oral insulin have also been tested in individuals with risk for T1D, but without 

clinical success [340-342]. Another prevention trial performed in high-risk individuals failed 

to show that hydrolyzed infant formula compared to conventional cow´s milk based formula 

decreased the risk of developing T1D [343]. The European Nicotinamide Diabetes 

Intervention Trial (ENDIT), which was performed on high-risk individuals, positive for 

diabetes associated autoantibodies, did not prevent or delay T1D development and was 

therefore discontinued [344]. Furthermore in 2003-2005 the PRODIA pilot study, an immune 
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prevention study of T1D by oral supplementation of probiotic bacteria, was conducted in 

Linköping. Infants with genetic risk for T1D were given probiotics during their first 6 months 

of life in order to investigate whether the probiotic supplementation could decrease -cell 

autoimmunity in the children [345]. Experimental studies in nonobese diabetic (NOD) mice 

had previously shown that probiotics might prevent autoimmune diabetes [346, 347]. None of 

the intervention or prevention therapies have so far been used in common clinical practice, 

due to the fact that the agents had transient effects or were associated with unaccepted adverse 

effects.  

 

In conclusion, despite extensive research efforts is the triggering factors resulting in T1D 

development still unknown, and there is still no cure for the disease. It is however known that 

the gut immune system seems altered in T1D patients and that treatment with probiotics 

influences the immune system. Studies of the intestinal immune responses in T1D are of 

importance in order to elucidate the role of the gut immune system in T1D. Little is known 

about how supplementation of probiotics influences the innate immune responses in infants at 

risk for T1D, and if probiotics modulates the risk of development of autoimmunity and T1D.   
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AIMS OF THE THESIS  

 

The general aim of this thesis was to explore intestinal and peripheral immune responses in 

children at different stages of celiac disease (CD) and in children with type 1 diabetes (T1D). 

Additionally, we aimed to investigate the effects of probiotic treatment during the first 6 

months of life on the peripheral immune responses in children at risk for T1D (PRODIA 

study). 

 

The specific aims of each individual paper were: 

 

Paper I. 

To explore the activation of a broad range of genes associated with the Th1-Th2-Th3 

signalling pathway in the small intestine and peripheral blood of children with CD, before and 

after 1 year of gluten-free diet (GFD) treatment. 

 

Paper II.  

To explore the intestinal activation of IL-17 pathway together with the regulatory T-cell 

marker FOXP3 in different stages of CD including children with potential CD i.e. 

transglutaminase antibody (TGA) positive, children with untreated CD, CD children treated 

with GFD and children with T1D. 

 

Paper III. 

To explore the mucosal activation of genes associated with the Th17 signalling pathway in 

children at different stages of CD; including children with increased risk for CD (potential 

CD), children with untreated CD and CD children treated with GFD. 

 

Paper IV. 

To explore the effects of probiotic supplementation on the innate immune system in the 

children at genetic risk for T1D.  
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MATERIAL & METHODS  

 

Study subjects  

The study populations included in paper I-III are presented in Figure 8.  

 

Figure 8. The study populations in paper I-III. TGA- = transglutaminase negative reference children, 

TGA+ = transglutaminase positive children with potential celiac disease (CD), CD = children with 

untreated celiac disease, GFD-CD = children with gluten free-diet treated celiac disease, T1D = 

children with type 1 diabetes, T1D+CD = children with both T1D and CD.  

 

Paper I  

The study cohort comprised small intestinal biopsies and peripheral blood samples from 7 

children with untreated celiac disease (CD), with follow-up samples after one year of 

treatment with a strict gluten free-diet (GFD), and 6 reference children (Figure 8).  

 

Paper II 

The study comprised two study cohorts, one from Sweden and one from Finland (Figure 8, 

Table 1). The Swedish study cohort used for qPCR analyses consists of small intestinal 

biopsies from children with untreated CD, children with CD after one year of GFD-treatment, 

TGA-positive children with potential-CD and TGA-negative reference children. The Finnish 

study cohort used for immunohistochemistry and qPCR analyses consists of small intestinal 
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biopsies from children with untreated CD (all with obvious structural changes in the 

intestine), TGA-negative reference children undergoing endoscopy for different clinical 

reasons such as stomach ache (all with a healthy mucosa) and children with previously 

established type 1 diabetes (T1D) who were screened for CD. None of the T1D children had 

CD according to the European Society of Pediatric Gastroenterology, Hepatology and 

Nutrition criteria [348]. The Finnish study cohort used for cytokine assessment in in vitro 

cultures consists of small intestinal biopsies from children with untreated CD, TGA-positive 

children with potential CD, TGA-negative reference children and children with concomitant 

CD and T1D.  

 

Table 1. Description of the study population.  

 Ref Pot-CD CD GFD-CD T1D T1D+CD 

IHC and 

qPCR/Fin 

10 - 15 - 13 - 

qPCR/Swe 17 10 13 16 - - 

In vitro biopsy 

culture/Fin 

5 5 17 - - 6 

IHC: immunohistochemistry, qPCR = quantitative real-time polymerase chain reaction, Ref = 

reference children, pot CD = potential CD, CD: children with untreated CD, GFD-CD = children with 

CD after 1 year of gluten free-diet treatment, T1D = children with type 1 diabetes, T1D+CD = 

children with T1D and untreated CD. 

Paper III  

The study cohort comprised small intestinal biopsy samples from 8 children with TGA 

elevation (potential CD), 9 children with untreated CD, 8 CD children on a strict gluten free 

diet (GFD) for a year and 8 reference children (TGA negative) (Figure 8). A subgroup of 8 

children with T1D was initially included in the study. This group was however excluded from 

the paper, since it was a small and heterogenous group including four children with untreated 

CD, two with GFD-treated CD, one with potential CD (TGA-positive) and one TGA-negative 

reference. The four children with T1D and untreated CD are included in the results and 

discussion part of this thesis.  
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Paper IV  

The PRODIA study was a double blind randomized placebo controlled pilot study of infants 

with genetic risk for T1D in which supplementation with probiotics during the first 6 months 

of life was used for prevention of T1D. All parents to new-born infants between February 

2003 and June 2005 at Linköping University Hospital were informed about the PRODIA 

study. After informed consent by the parents, 1057 infants were screened for HLA genotypes 

associated with risk for T1D. Twohundredsixtyfour (264) infants with risk genotype were 

randomized to receive either probiotics or placebo during the first 6 months of life. The 

probiotic preparation, given as powder from capsules once a day by parents at home, 

consisted of a mixture of freeze dried Lactobacillus rhamnosus GG (5 x 10
9
 cfu), 

Lactobacillus rhamnosus LC705 (5 x 10
9
 cfu), Bifidobacterium breve Bbi99 (2 x 10

8
 cfu) and 

Propionibacterium freudenreichii ssp. Shermani JS (2 x 10
9
 cfu) together with 

microcrystalline cellulose. The placebo capsules contained only microcrystalline cellulose. 

Apart from this supplement, the diet of the infants was not manipulated.  

 

Venous blood samples were collected at 6, 12 and 24 months of age for assessment of T1D 

related autoantibodies, from the infants participating in the PRODIA-study. The study cohort 

in which T1D related autoantibodies were assessed comprises serum samples from 202 

infants. CRP was analysed in the 6 months plasma sample from 142 infants. 

 

Based on availability, blood samples from the infants were used for flow cytometric analyses 

of ex vivo innate immune responses and also for analyses of innate immune responses in in 

vitro stimulated cultures (Table 2). Furthermore, blood samples were used for PCR array 

analyses of genes associated with the TLR signalling pathway.  
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Table 2. Samples included in the flow cytometric and PCR array analyses.  

 Probiotics (N) Placebo (N) 

F.C., ex vivo, 6m 28 19 

F.C., ex vivo, 12m 27 18 

F.C., stimulated, 6m 18 12 

F.C., stimulated, 12m 19 14 

PCR arrays, 6m 10 10 

PCR arrays, 12m 10 10 

F.C. = flow cytometry 

Laboratory methods  

Sample collection (paper I-IV) 

The venous blood and biopsy samples from the Swedish children included in this thesis were 

collected between the years 2003 and 2009 and the biopsy samples from the Finnish children 

were collected between the years 2003 and 2005. Venous blood samples, from children with 

or without CD or children included in the PRODIA study, were drawn into heparin treated 

tubes (Vacuette, Greiner Labortechnik, Kremsmünster, Austria). Peripheral blood 

mononuclear cells (PBMC) were separated on Ficoll Paque Density gradient (Amersham, 

Pharmacia, Biotech, Uppsala, Sweden), from fresh blood samples, according to standardised 

methodology and cryopreserved in freezing medium (50% fetal calf serum, 40% RPMI 1640 

and 10% DMSO) (Sigma-Aldrich, Stockholm, Sweden) and kept in liquid N2 until RNA 

isolation.  

 

Assessment of the CD-related antibodies: TGA, EMA, AGA and IgA in sera were routinely 

performed at the laboratory for Clinical Chemistry, Linköping, Sweden. TGA and AGA were 

analysed by ELISA and EMA was analysed by indirect immune fluorescence. CD-related 

antibodies in the Finnish samples were analysed using ELISA.  

 

Small intestinal biopsies taken with the capsule method from the distal part of the duodenum 

were used in the studies. The biopsy specimens, from children at different stages of CD, were 
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divided for routine histology and the surplus was used for PCR studies. For the Swedish 

samples the routine histology was performed at the laboratory for Clinical Pathology, 

Linköping, Sweden. The surplus part was placed in RPMI medium, transported to the 

laboratory where the medium was aspirated off and the biopsies were snapfrozen and 

cryopreserved in liquid N2 until RNA isolation.  

 

RNA isolation (Paper I-IV)  

PBMC from Swedish infants (in Paper I and II), after being thawed and washed in PBS, were 

subsequently lysed and homogenized using RLT buffer (Qiagen, Hilden Germany) with β-ME 

(Sigma, Stockholm, Sweden) and QIA shredders (Qiagen). The Swedish biopsies (in paper I-

III) were on the other hand lysed and homogenized using RLT buffer (Qiagen), Stainless Steel 

Beads (Qiagen) and Tissue Lyser II (Qiagen). Total RNA was subsequently isolated from the 

lysates using RNeasy® Mini Kit (Qiagen) with on-column DNase treatment using RNase free 

DNase Set (Qiagen), according to the manufacturer´s guidelines. The isolated total RNA 

(paper I and III) was concentrated by precipitation with ethanol, ammonium acetate and 

glycogen. The quantity of the RNA was assessed with NanoDrop® ND 1000 

spectrophotometer (NanoDrop Technologies Inc, Wilmington, DE, USA) while the quality of 

the RNA was examined with RNA 6000 Nano LabChip® Kit (Agilent Technologies, Palo 

Alto, CA, USA) and an Agilent 2100 Bioanalyser (Agilent Technologies) according to the 

manufacturer´s guidelines.  

 

The remaining biopsies from Finnish children (in Paper II) were dissected from matrix of 

optimal cutting temperature (OCT) compound (Miles Laboratories, Elkhart, IN, USA), lysed 

and homogenized using lysis buffer (Sigma, St Louis, MO, USA) and a pestle (Starlab, 

Ahrensburg, Germany). Total RNA was subsequently isolated using GenElute mammalian 

total RNA miniprep kit (Sigma), according to the manufacturer´s guidelines. The quality and 

quantity of the RNA was assessed with NanoDrop® ND 1000 spectrophotometer (NanoDrop 

Technologies).   

 

In paper II, total RNA from Caco-2 cell cultures (see below) was isolated using GenElute 

mammalian total RNA miniprep kit (Sigma), according to the manufacturer´s guidelines. The 

quality and quantity of the RNA was assessed, as described earlier.  
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Real-time polymerase chain reaction (PCR)-array analyses (Paper I, III 

and IV) 

In Paper I, total RNA from intestinal biopsies and from PBMCs from children with CD, GFD-

treated CD and references was used in the studies. The expression of immune markers 

associated with the Th1-Th2-Th3 cytokine signalling network was analysed with real-time 

PCR arrays (Human Th1-Th2-Th3 PCR Array: PAHS-034, SA Biosciences, USA) (Table 3). 

 

In Paper III, total RNA isolated from intestinal biopsies from children at different stages of 

CD was used in the studies. The expression of immune markers associated with the Th17 

cytokine signalling network was analysed with real-time PCR arrays (Human Th17 for 

Autoimmunity & Inflammation PCR Array: PAHS-073, SA Biosciences, USA) (Table 4).  

 

In Paper IV, total RNA isolated from the 6 and 12 months PBMC-samples from the PRODIA-

children supplemented with probiotics or placebo was used in the studies. The gene 

expression of immune markers related to TLR-mediated signal transduction (innate 

immunity) was analysed with real-time PCR arrays (Human Toll-Like Receptor Signaling 

Pathway PCR Array: PAHS-018, SA Biosciences, USA) (Table 5).  
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In Paper I, III and IV, genes with threshold cycle (Ct)-values <35 were considered to be 

detectable, according to the manufacturer´s guidelines. Normfinder (MultiD 

Analyses/TATAA Biocenter, Gothenburg, Sweden) were used to determine which gene(s) 

that was optimal for normalization of the genes of interest.  

 

In Paper I, III and IV, the five housekeeping genes (HKG) included on the array were used for 

normalization of the 84 genes of interest on each array. The Ct-values of the genes of interest 

were normalized with the average Ct-value of all five housekeeping genes (HKG) on the 

array: Beta-2-microglobulin (B2M), Hypoxanthine phosphoribosyltransferase 1 (HPRT1), 

Ribosomal protein L13a (RPL13A), Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

and β-actin (ACTB). The ΔCt and the median fold change (2 
– MEDIAN ΔΔCt

) were calculated for 

the genes on the array.  

 

Quantitative real time reverse transcription (RT)-PCR analyses (Paper II 

and III) 

Quantitative PCR analyses on the available small intestinal biopsy samples from the Swedish 

and Finnish populations were performed at National Institute for Health and Welfare in 

Helsinki. Reverse transcription of the total RNA, from the Finnish and Swedish biopsy 

samples, was performed with TaqMan reverse transcription reagents (Applied Biosystems, 

Foster City, CA, USA), according to the manufacturer´s guidelines. In the Finnish samples 

with an additional DNase treatment with DNase I (Roche Diagnostics, Mannheim, Germany). 

Quantitative real time PCR was performed using StepOnePlus instrumentation (Applied 

Biosystems) with TaqMan Fast Universal PCR Master Mix and predesigned FAM-labelled 

gene expression assay reagents (Applied Biosystems). The selected cytokines and 

transcription factors were IL-17A, FOXP3, RORc, IFN- Ribosomal 18s RNA served as the 

endogenous control. 

 

The quantities of target gene expression were analysed by a comparative threshold cycle (Ct) 

method (as recommended by Applied Biosystems). An exogenous cDNA pool calibrator was 

collected from PHA-stimulated PBMC and considered as an inter-assay standard, to which 

normalized samples were compared. Calculation of 2
–Ct

 represents the relative amount of 

target gene in the sample compared with the calibrator, both normalized to an endogenous 
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control (18S). For presentations, the relative amounts (2
–Ct

) of the target genes (IL-17A, 

FOXP3, RORc and IFN-) were multiplied by a factor of 1000 and expressed as relative units. 

If the samples Ct value for target gene did not reach quantitative level, then an artificial value 

that was half of the lowest quantitative value in relative units was given to the sample. 

 

Quantitative real time RT-PCR was also used for the analyses of target gene expression in in 

vitro stimulated Caco-2 cells (see below). The qPCR analyses were performed as described 

above for the biopsy samples. Markers of apoptosis were bcl-2 and BAX. The expression of 

the target genes were normalized using the endogenous ribosomal 18s RNA and the 

exogenous cDNA pool calibrator. The relative expression (2
–Ct

) was calculated for the target 

genes, which was related to the expression levels of the unstimulated controls.  

 

Immunohistochemical analyses (Paper II) 

Small intestinal biopsy samples from the Finnish children were used for the 

immunohistochemistry studies which were performed at National Institute for Health and 

Welfare in Helsinki. The LP lymphocytes on frozen sections were stained with the avidin-

biotin immunoperoxidase system according to Vectastain ABC Elite kit instructions (Vector 

Laboratories, Burlingame, CA, USA). The slides were incubated with the following primary 

antibodies: mouse monoclonal antibodies for FOXP3 (clone 236 A/E7; Abcam, Cambridge, 

UK), CD4 (clone RPA-T4, BD Pharmingen, CA, USA) or rabbit polyclonal antibody for IL-

17 (Santa Cruz Biotechnology, CA, USA). Methanol-hydrogenperoxidase was used to quench 

endogenous peroxidase activity. The slides were incubated with a biotinylated antibody and 

thereafter in ABC reagent. 9-amino-ethyl-cardatzole was used as a chromogen. Harris 

haematoxylin was used to counterstain the slides. Negative controls were performed by 

omission of the primary antibodies. 

 

The slides were microscopically evaluated blinded to the clinical data. The number of 

positively stained cells in the LP was counted systematically under a Leica DM4000B light 

microscope through a calibrated eyepiece graticule: positive cells in approximately 30 fields 

were counted using an objective of 100x and an eyepiece at 10x. The cell densities were 

expressed as the mean number of positive cells per square millimetre (cells/mm
2
) which were 

used in the statistical analysis.  
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Cytokine assessment in in vitro cultured biopsies (Paper II)  

Small intestinal biopsy samples from Finnish children: 17 with untreated CD, five with 

potential CD, six with both CD and T1D, and five TGA-negative references were in vitro 

cultured for 72 hours in RPMI with 5% human AB serum. Flow-cytometric bead array 

(Bender Medsystems) was used to assess the spontaneous secretion of IL-17, IL-1 and IL-6 

in the culture supernatants. The cut-off-values of IL-17, IL-1 and IL-6 were  

70, 30 and 9 pg/mL, respectively. Samples below the detection limit (or the cut-off level) of 

the method were considered undetectable, but were given half of the cut-off value to enable 

statistical analyses.  

 

Analyses of apoptotic markers in IL-17 treated Caco-2 cells (Paper II) 

The human colon adenocarcinoma cell line (Caco-2) was obtained from ATCC (Teddington, 

UK) and were grown in Eagles’s minimal essential medium (Sigma, St. Louis, MO, USA) 

containing 10% heat activated fetal bovine serum (FBS) supplemented with penicillin and 

streptomycin. Caco-2 cells were grown in a 75 cm
2
 flask for six days and were thereafter 

plated into 48 well plates (Greiner Bio-One GmbH, Frickenhausen, Germany) and grown for 

another 4 days at a density of 1.5 x 10
5
 cells per well. Then the cells were incubated with 

rhIL-17), without rhIL-17 (unstimulated control) or with rhIL-17 in combination with TNF- 

Then the cells were collected for RNA isolation followed by subsequent quantitative real-time 

RT-PCR analysis of the apoptotic markers BAX and bcl-2 (as described above).  

 

Analyses of T1D related autoantibodies (Paper IV) 

In the PRODIA study the autoantibody levels of the T1D related autoantibodies; glutamic 

acid decarboxylase (GADA), tyrosine phosphatase like insulinoma antigen 2 (IA-2A) and 

insulin (IAA) were analysed in serum with radiobinding assay as described previously [287]. 

For GADA and IAA the 98th percentile corresponding to 95 and 4.1 WHO units respectively 

was used as cut-off for positivity, whereas for IA-2A the 99th percentile corresponding to 5.8 

WHO units was used as the cut-off limit. The cut-off limits originated from a cohort of 

healthy 5-6 year old children [287].  
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Whole blood cultures in vitro stimulated with LPS or LTA (Paper IV)  

In the PRODIA study, whole-blood was incubated with or without lipopolysacharide (LPS) 

(Escherichia coli 026:B6 SigmaAldrich) or lipoteichoic acid (LTA) (Staphylococcus Aureus, 

SigmaAldrich) in 96 well plates (3799 Costar® Corning Incorporated, Corning, NY, USA).  

 

Flow cytometric analyses (Paper IV)  

In the PRODIA study, the expression of monocyte activation markers was analysed in fresh 

whole-blood (ex vivo) and in in vitro whole-blood cultures stimulated with LPS or LTA. The 

monoclonal flourochrome conjugated antibodies used were: Flourescein isothiocyanate 

(FITC)- conjugated mouse anti-human monoclonal antibodies, anti-CCR5 (BD Pharmingen), 

Phycoerythrin (PE)- conjugated mouse anti-human monoclonal antibodies, anti-CD80 

(Becton Dickinson (BD) Biosciences, San José, CA, USA), anti-CD58 (BD Biosciences); 

Peridin chlorophyll protein (PerCP)- conjugated mouse anti-human monoclonal antibodies 

anti-CD14 (BD Biosciences). The isotype control antibodies used were FITC and PE 

conjugated γ1 and γ2a (BD Biosciences), PerCP conjugated γ1 (BD Biosciences) and APC 

conjugated γ1 (BD Biosciences). The samples were stained according to manufacturer’s 

instructions. Fresh unstimulated or stimulated whole-blood samples were incubated with the 

respectively antibodies at room temperature and the cells were thereafter lysed with optilyse B 

(Beckman Coulter, Bromma, Sweden). Finally, the samples were analysed with a four-

coloured FACS Calibur (Becton-Dickinson, San José, CA, USA). The monocytes were gated 

according to FSC and SSC combined with CD14 staining. The acquired data was analysed 

with CellQuest software (Becton-Dickinson, San José, CA, USA). The limit for positivity was 

set with isotype controls. 

Analyses of C-reactive protein (CRP) (Paper IV)  

The CRP concentrations in the 6 months plasma samples were analysed using an ELISA 

method (BenderMedSystems human CRP, Vienna, Austria), with a sensitivity of 3.0*10
-6

 

mg/L.  

Statistical methods  

The data analysis was performed with SPAW Statistics for Windows (SPSS Inc., Chigaco, IL, 

USA). The expression of the immunological markers were not normally distributed, therefore 

non-parametric Kruskal-Wallis test, Mann-Whitney U test and Wilcoxon test were used for 
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comparisons between the study groups. Spearman´s rank correlation test was applied to 

analyse correlations between different parameters. P-values <0.05 were considered 

significant.  

 

PCA  

Unsupervised Principal Component Analysis (PCA) of the normalized real-time PCR array 

data was performed with GeneEx (MultiD Analyses/TATAA Biocenter, Gothenburg, 

Sweden). The expression data was pre-processed for PCA by calculating the relative 

expression of the genes in the samples (Relative quantity: maximum), log2-transformation 

and mean-centering (mean: 0).  

 

Clustering  

The gene expression profiles of the HKG-normalized genes were visualized with Self 

Organizing Map (SOM)-clusters formed by GeneCluster 2.0 (Whitehead Institute, Center for 

Genome Research, Massachusetts Institute of Technology, Cambridge, MA), using Tamayo´s 

algorithm [349]. The expression data was pre-processed by normalization (mean: 0, variance: 

1) before it was clustered according to Tamayo et al [349].  

 

Ethical considerations  

The studies were approved by the Regional Ethics Committee for Human Research, at the 

Faculty of Health Sciences, Linköping University and the ethics committee of the Hospital for 

Children and Adolescents, Helsinki University Central Hospital, Finland. Informed consent 

was obtained from the parents of the participating children and when possible also from the 

participant children in the studies.  
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RESULTS & DISCUSSION  

Methodological aspects  

 

To study genes involved in the immunological network, real-time PCR arrays were used in 

paper I, III and IV, whereas real-time PCR and immunohistochemistry were used in paper II. 

The PCR array system is an ideal tool for focused gene expression studies, since it combines 

real-time PCR and microarray technology, and thus represents a sensitive method to study 

many genes simultaneously providing a broad picture of the immune responses. One 

advantage of the PCR array system is that it yields high positive call rates and has a high 

reproducibility [350], which was confirmed in our studies where most of the analyzed genes 

were detectable in the majority of the samples.  

 

Since the studies were exploratory, the achieved p-values from the univariate analysis of PCR 

array results were not Bonferroni corrected. Hence, data of exploratory studies has been 

suggested to be analysed without multiplicity adjustment [351]. Furthermore, the expression 

of many of the genes can be considered as dependent on each other and the Bonferroni 

procedure has been reported to ignore dependencies among the data and was therefore 

considered to be much too conservative if the number of tests was large [352] as in array 

studies.  

 

In Paper I and III unsupervised multivariate exploratory analysis techniques e.g. Principal 

Component Analysis (PCA) and cluster analysis were used in addition to the univariate 

statistics. PCA and cluster analysis are geared towards the discovery of patterns in the data 

and are commonly employed for analysis and visualization of complex data sets such as 

expression array data [353-355], even though their statistical emphasis does not use statistical 

cut-off values.  

 

PCA can be used to visualize differences between complex data sets (rewieved in [356]). The 

goal of PCA is to reduce the high dimensionality of the datasets by identifying the 

genes/samples that contribute most to the variation and plotting them in a multidimensional 

format (rewieved in [354]). The new variables (axes) called principal components (PCs) are 

utilized to visualize the data as a cloud of points, where each point represents a sample/gene 
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in a multidimensional space (reviewed in [357]). PCA reduces the large number of 

dimensions of a dataset into a smaller number of dimensions in such a way that most of the 

variance of the dataset is described by the first principal components (PC). PCA was used in 

Paper I and III, to display the expression pattern of the differently expressed genes. Not all of 

the studied genes were included in the PCA due to the “noise” in the data. 

 

Clustering seeks to organize information about various variables so that groups of similarly 

expressed genes/samples can be formed (rewieved in [354]), which may indicate associations 

between genes/samples. Self organized maps (SOMs) organize the clusters into a map where 

similar clusters are close to each other [358]. The SOM-clusters may consist of genes for 

which the gene expression profile/pattern is not statistically significant. SOM-clustering was 

used in Paper III, to display the expression pattern of the differently expressed genes.  

 

Mucosal immune responses in CD  

Type 1 responses in CD 

One of the hallmarks of active CD is the elevated IFN- responses seen in the intestinal 

mucosa [181-187]. In three different study cohorts we found elevated Type 1 (Th1 and Tc1) 

immune responses intestinally in untreated CD, which is in agreement with previous studies 

[175, 179, 188, 189, 359]. Here, the Th1 and Tc1 responses were characterized by elevated 

expression of IFN-, STAT1, IRF1 and CD8A (Figure 9). Treatment with a GFD for a year 

did not normalize the Th1 and Tc1 response to similar levels as in the reference group. The 

levels of the Th1 markers was somewhat reduced after GFD, but they remained higher than 

the levels in the reference group. This finding indicates that CD is associated with a 

continuous activation of the immune cells. It is not known if the elevated Type 1 response is a 

predisposing factor for CD, a consequence of previous episodes of active CD or due to a 

failure to totally eliminate gluten from the diet. However, it seems not to be entirely 

dependent on the gluten exposure, but rather a feature of CD, since they remain elevated after 

GFD. Another possible explanation might be that the imbalanced immune responses required 

a longer duration than 1 year to completely normalize, as indicated by the gut microflora 

activity in GFD-treated CD patients [360]. STAT1 and IRF1 have as far as we know not been 

studied in GFD-treated children previously. Our results support the observation by Forsberg et 

al. indicating that IELs in treated symptom-free CD patients display increased IFN- levels 

compared with controls [179]. Wapenaar et al also showed elevated IFN- responses in 
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biopsies from GFD-treated patients in complete remission [361]. Our results extend these 

findings, including also the IFN- downstream signaling related marker STAT1.  

 

In individuals with active CD the number of CD8+ TCR + and + IELs has been shown to 

be increased. It is however not known if this is due to changes in the epithelium or a 

consequence of the pro-inflammatory milieu created by the CD4+ T-cell response in the LP. 

Forsberg et al reported that CD8++ T cells within the epithelium producing IFN- were 

believed to drive the formation of intestinal lesions in active CD [175]. This is consistent with 

our findings of elevated CD8A and IFN- in the untreated CD patients. However, the CD8A 

and IFN- remained elevated even though the intestinal lesion had healed suggesting that the 

IELs are continuously activated and that CD8+ cells seem to contribute the most to the IFN- 

production, which is in concordance with a previous study [175]. That study also showed that 

CD4+ IELs, the  IELs and the NKT (CD94+CD8+) IELs also contributed to the IFN- 

production but in a minor degree. Increased IFN- levels might indicate an altered barrier 

function in the CD patients, as suggested by Forsberg et al [179]. IFN- has been shown to 

disrupt epithelial barrier function by decreasing the levels of the tight junction protein TJP1, 

also known as zonula occludence protein ZO-1 (reviewed in [362]) [363]. This is supported 

by studies showing low expression of ZO-1 in untreated CD patients [359, 364, 365] and 

particularly in those with concomitant CD and T1D [364]. It have been reported that treatment 

with a GFD improved and in some cases normalized the TJP1 (ZO-1) levels [365, 366]. Thus, 

CD patients with active disease may suffer from considerable loss of epithelial tight junctions 

leading to increased intestinal permeability. Markers of an altered intestinal barrier has 

however not been studied here.  
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Figure 9. Gene expression profiles of Th1 associated markers in biopsies from children with and 

without CD. Ref = reference children, Ref TGA- = TGA negative reference children, pot CD = 

children with potential CD, CD = children with untreated CD, GFD-CD = children with CD after 1 

year of gluten free-diet treatment. T1D = children with type 1 diabetes.  

 

Th2 and Th3 responses in CD 

Activated CD4+ T cells are believed to drive the differentiation of B-cells to plasma cells and 

secretion on AGA and TGA, by production of Th2 cytokines. Elevated Th2 cytokine 

responses were however not detected in our studies. Instead, in two different study cohorts, 
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we found diminished intestinal Th2 responses in active CD, characterized by IL-4R, CCL22, 

STAT6, IL-13RA1 (Figure 10). In contrast to our studies where the IL-4 responses generally 

were undetectable, previous studies have reported similar or elevated Th2 responses (IL-4) in 

CD [181, 183, 201]. The discrepant results might be due to usage of different immunological 

methods (immunohistochemistry and in situ hybridization vs Real-time PCR arrays). In two 

studies, we showed down-regulated IL-18 responses in children with untreated CD (Figure 

11). Previous studies have in agreement with our results reported diminished levels of IL-18 

in CD [181, 359], whereas others have reported elevated or similar IL-18 responses in CD 

patients and controls [182, 200]. The contradictory results may be due to usage of different 

immunological methods (Western Blot and Real-time PCR vs Real-time PCR arrays). In one 

study we  also showed that the expression of the Th3 related marker TGF- was down-

regulated in untreated CD (Figure 11), which is in contrast to another study showing similar 

levels of TGF- in CD compared to controls and individuals with potential CD (but also 

patients with T1D and concomitant CD and T1D) [181]. Since both the Th2 and Th3 

responses were normalized by the GFD to levels similar as in the reference group, they are 

probably a reflection of the elevated Th1 response. 
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Figure 10. Gene expression profiles of Th2 associated markers in biopsies from children with and 

without CD. Ref = reference children, Ref TGA- = TGA negative reference children, pot CD = 

children with potential CD, CD = children with untreated CD, GFD-CD = children with CD after 1 

year of gluten free-diet treatment.  
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Figure 11. Gene expression profiles of Th2 and Th3 associated markers in biopsies from children with 

and without CD. Ref = reference children, Ref TGA- = TGA negative reference children, pot CD = 

children with potential CD, CD = children with untreated CD, GFD-CD = children with CD after 1 

year of gluten free-diet treatment.  

 

Th17 and Treg responses in CD 

In two different studies we saw that active CD was characterized by enhanced intestinal IL-17 

levels (Figure 12), which is in concordance with other studies [184, 186, 198, 211, 359, 367]. 

The up-regulation of IL-17 was seen both at the mRNA and protein level, and in both the 

Finnish and Swedish study populations. However, the numbers of IL-17 positive cells were 

not significantly increased in the Finnish children with untreated CD compared to the 

reference children. This might indicate an up-regulation of the IL-17 production without an 

expansion of the Th17 cells. However, the number of IL-17 positive cells tended to correlate 

with the mRNA levels of IL-17 in children with untreated CD (R=0.444; p=0.111), whereas 

no correlation was found in the T1D group (R=-0.104; p=0.775) or in the references (R=-

0247; p=0.555). Furthermore, biopsies from children with untreated CD (with or without 

T1D) spontaneously secreted more IL-17 than the references.  
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Figure 12. The protein and mRNA expression of the Th17 associated marker IL-17A in biopsies from 

children with and without CD and T1D. Ref = reference children, Ref TGA- = TGA negative 

reference children, pot CD = children with potential CD, CD = children with untreated CD, GFD-CD 

= children with CD after 1 year of gluten free-diet treatment, T1D = children with type 1 diabetes.  

 

In contrast to IL-17, we showed that the expression of the IL-17 related markers: RORc, IL-

17RE, IL-23R was diminished in active CD (Figure 13). We also reported that the T-reg 

marker FOXP3 was elevated in untreated CD (Figure 14), which is in concordance with other 

reports [181, 196, 197]. The up-regulated FOXP3 levels were seen both at the mRNA and 

protein level in the Finnish study population, but also in the Swedish study population. 

However, RORc did not correlate with IL-17, which instead correlated with FOXP3. This 

indicates that the T cells that express IL-17 might be plastic, instead of being classical Th17 

cells [368-370]. Alternatively this might indicate a simultaneous attempt to regulate the 

elevated IL-17 expression. A GFD-treatment normalized the levels of the aforementioned 

Th17 and Treg related markers (IL-17, RORc, IL-17RE, IL-23R, FOXP3) to levels similar as 

in the reference group, thus their expression seemed to be related to the gluten exposure.  
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Figure 13. The expression profile of Th17 associated markers in biopsies from children with and 

without CD. Ref = reference children, Ref TGA- = TGA negative reference children, pot CD = 

children with potential CD, CD = children with untreated CD, GFD-CD = children with CD after 1 

year of gluten free-diet treatment.  
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Figure 14. The protein expression of the Treg associated marker FOXP3 in biopsies from children 

with and without CD and T1D. Ref = reference children, Ref TGA- = TGA negative reference 

children, pot CD = children with potential CD, CD = children with untreated CD, GFD-CD = children 

with CD after 1 year of gluten free-diet treatment, T1D = children with type 1 diabetes.  

 

In one of our studies biopsies from Finnish children with active CD, spontaneously secreted 

more IL-6 and IL-1 than samples from reference children (Figure 15). It has been shown that 

an inflammatory cytokine environment (with IL-6 and IL-1 supports the conversion from 

FOXP3 expressing Tregs towards IL-17 secreting cells [371]. It has also been shown that 

Th17 cell clones  might change phenotype, into IFN--producing FOXP3+ cells, when RORc 

is down-regulated and FOXP3 up-regulated upon repeated TCR engagement [372]. This 

plasticity might explain the low RORc expression in association with the elevated IL-17, 

FOXP3 and IFN- in our samples from children with untreated CD.  

 

The expression of all the aforementioned Th17 and Treg associated genes were normalized 

upon GFD treatment, which indicated that the genes were dependent on the gluten exposure, 

since they normalized concurrently with the healing of the mucosa.  
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Figure 15. The protein expression of IL-1 and IL-6 in in vitro cultured whole biopsies. Ref = 

reference children, pot CD = children with potential CD, CD = children with untreated CD, CD+T1D 

= children with CD and type 1 diabetes. 

 

Th17 and Treg expression in potential CD 

Interestingly, in another study we found diminished levels of IL-21, FOXP3 and IL-17A in 

children with potential CD (Figure 12 and Figure 16). Down-regulated IL-21 and FOXP3 

responses in potential CD have previously been reported by Sperandeo et al and Tiittanen et al 

respectively [181, 373]. The diminished IL-17 expression in the TGA-positive children, with 

potential CD, indicates that up-regulation of IL-17 immunity does not occur in children with 

increased risk for CD, but instead in the late phase of CD when a villous atrophy has 

developed.  

 

 

Figure 16. The gene expression profile of Treg and Th17 associated markers in biopsies from children 

with and without CD. Ref TGA- = TGA negative reference children, pot CD = children with potential 

CD, CD = children with untreated CD, GFD-CD = children with CD after 1 year of gluten free-diet 

treatment.  
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Expression of apoptosis markers in Caco-2 cells 

In active CD the mucosa is characterized by damage of the epithelial layer, in which apoptosis 

is one of the mechanisms behind the gluten-triggered villous atrophy. IL-17 has been 

suggested to play a role in apoptosis, and was therefore used in an in vitro experiment with 

the epithelial cell line CaCo-2. In our experiments however incubation of CaCo-2 cells with 

IL-17 resulted in up-regulated expression of the anti-apoptotic marker bcl-2 (Figure X). On 

the other hand, in vitro stimulation with IL-17 and the apoptosis trigger TNF- resulted in 

diminished bcl-2 expression (Figure 17). Interestingly, the observed effect, of IL-17 with or 

without TNF-, on the BAX expression was weak. These findings suggest that IL-17 was not 

contributing to apoptosis of epithelial cells, but instead might induce protective anti-apoptotic 

mechanisms. Thus, our results supports that up-regulation of IL-17 in the intestine might be 

linked to the mechanism of protection from tissue damage in the inflamed mucosa, as also 

suggested by others [374]. IL-17 immunity may play a dual role; apoptotic or anti-apoptotic, 

dependent on the cytokine milieu and the target tissue.  

 

 

Figure 17. The expression of the apoptotic and anti-apoptotic markers BAX and bcl-2 respectively in 

CaCo-2 cells incubated with IL-17 alone or in combination with TNF-. 

 

MMPs in CD 

The mechanism by which cytokines cause mucosal alterations remains unclear. Recent studies 

suggest that they induce degradation of extracellular matrix (ECM) in mucosal sites. The 

villus atrophy observed in patients with CD strongly suggests a loss of ECM. The epithelial 
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cell shedding in CD might be the result from ECM degradation by MMPs. MMPs has been 

shown to be elevated in active CD [187, 375] and in DH [376]. MMPs are a family of 

endopeptidases, e.g. expressed by activated subepithelial fibroblasts, myofibroblasts, 

macrophages and lymphocytes, playing a key role in ECM turnover, but they do also function 

in intestinal mucosal defence. We observed that the expression of MMP3 was elevated in 

untreated CD (Figure 18), which is in agreement with previous studies [375, 377], but differed 

from another study showing similar levels of MMP3 in CD patients and controls [187]. The 

discrepant findings might be due to methodological differences; Real-time PCR vs Real-time 

PCR arrays or the fact that the subjects were adults in comparison to our studies which are 

performed on children. We found in contrast that the expression level of MMP9 was reduced 

in CD (Figure 18), which is not in accordance with other studies [187, 376, 377]. The 

different results might be due to usage of different methods (Real-time PCR and 

immunohistochemistry vs Real-time PCR arrays) and usage of samples from adults instead of 

from children. The down-regulated MMP9 responses might be a reflection of the increased 

intestinal permeability, since low levels of gelatinases (e.g. MMP9) facilitate T cell migration 

through connective tissues [378]. We observed that MMP3 and MMP9 both normalized upon 

GFD treatment to levels resembling those in the references, which is in agreement with the 

report by Daum and colleagues [375]. Thus, it seemed that the MMPs normalized 

concurrently with the intestinal mucosa. The simultaneous up-regulation of IL-17 and MMP3 

is of interest, since a previous study showed that IL-17 induces secretion of MMP3 in vitro 

[379]. Interesting, e.g. IFN- has been shown to up-regulate and correlate with the expression 

of some MMPs [187] but down-regulated MMP9 (reviewed in [378]). Thus the reduced 

MMP9 expression seen here might be a reflection of the elevated IFN- response. MMPs are 

thought to be involved in the pathophysiology of CD [380], but whether they have a causative 

role in the development of the villous atrophy or are a consequence of the disease process is 

unknown. The results from this study suggestes that MMP3, but probably not MMP9, might 

be associated with the epithelial destruction at the time of villous atrophy. The activity of the 

MMPs is regulated by tissue inhibitors of metalloproteinases (TIMPs), thus the degradation of 

matrix might be due to an imbalance in the MMP and TIMP concentrations in the LP 

environment [381]. TIMP is however not analysed here. Here, it is however unknown if the 

MMPs are in their active form or if they are inactivated by TIMPs.  
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Figure 18. The expression of metalloproteinases in biopsies from children with and without CD. Ref 

TGA- = TGA negative reference children, pot CD = children with potential CD, CD = children with 

untreated CD, GFD-CD = children with CD after 1 year of gluten free-diet treatment.  

 

Activation markers in CD  

One of our studies showed diminished expression of IL-2 in untreated and GFD-treated CD 

(Figure 19). Thus, the down-regulated IL-2 response was not affected by the GFD treatment. 

Previous studies have also reported diminished IL-2 responses in active CD [179, 359]. The 

low IL-2 response may be a sign of long standing immune activation. The phenomenon might 

be associated with the disease itself, rather than the gluten exposure, since the levels remains 

dysregulated after GFD-treatment. In another study, the IL-2 levels were low in untreated CD 

but not significantly lower than in controls. 

 

The function of Tregs, which express high levels of IL-2R, is dependent on IL-2 and TGF-. 

Accordingly, low expression of IL-2 in the CD mucosa could indicate conditions where the 

function of Tregs is impaired. The function of ICOS is also dependent on IL-2 [382]. It has 

been shown that ICOS supports differentiation of Tregs when co-stimulatory signals are 

suboptimal. Interestingly, in parallel with the reduction of IL-2, we also found reduced 

expression of ICOS (significant only for GFD treated CD) (Figure 19). Furthermore, the 

expression of CD80 was decreased both in untreated and GFD-treated CD (Figure 19). Since 

these factors were not corrected by GFD, they may represent so-called intrinsic factors related 

to the development of CD. The dysfunction of ICOS in CD is supported by the finding of 

ICOS gene polymorphism in association with CD susceptibility [383].  
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Figure 19. The expression of T-cell associated markers in biopsies from children with and without CD. 

Ref = reference children, CD = children with untreated CD, GFD-CD = children with CD after 1 year 

of gluten free-diet treatment.  

 

In one of our studies we saw diminished expression of the CD247, CD4 and NFATC2 in 

untreated CD compared to the references and GFD treated patients (Figure 20), indicating that 

the T-cell activation and signaling is dysfunctional in active CD. CD247 is an amplification 

molecule in the TCR/CD3 signaling cascade and a master regulator and sensor of innate and 

adaptive immune responses. Aberrant CD247 responses have been reported to be associated 

with pro-inflammatory conditions, autoimmune diseases and refractory CD [384-387]. Cells 

expressing low levels of CD247 have been shown to produce IFN-, but also to possess 

enhanced migratory capacity and to enrich in inflamed tissues. However, it is unclear whether 

the down-regulation of CD247, which often occurs concurrently with a Th1 response, is a 

cause or a consequence of chronic inflammatory responses. NFATC2 is a multifaceted 

activation marker, important for cytokine production by peripheral T cells, which also has 

been suggested to regulate mucosal T-cell activity and to be important in innate and mucosal 

immune responses [388]. Treatment with GFD seem to normalize the defective T cell 



80 

 

activation and signaling to levels similar as in the references, indicating that the mechanism 

might be a normal phenomenon to regain intestinal homeostasis.  

 

In one of our studies we observed elevated CTLA-4 responses in untreated CD, especially 

compared to GFD-treated CD (Figure 20). CTLA-4, which is expressed by Treg cells and 

activated T-cells, contributes to down-regulation of T cell activation via CD80/CD86 and is 

essential for maintenance of immune homeostasis [389]. The elevated CTLA-4 responses in 

active CD might indicate a prolonged activation of T-cells or elevated levels of Treg cells. In 

another study we saw elevated FOXP3 responses in untreated CD compared to GFD-treated 

children and references, which indicates that the elevated CTLA-4 response might be a 

reflection of the elevated Treg response. The down-regulated IL-2, ICOS, CD80, CD247 and 

NFATC2 expression in active CD might be a consequence of the elevated CTLA-4 response, 

thus a normal mechanism to regain intestinal homeostasis. However, a GFD did not normalize 

all of the markers which indicates that additional factors are of importance or that one year of 

GFD not is enough to normalize the dysregulated mucosal immune responses.  
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Figure 20. The expression of T-cell associated markers in biopsies from children with and without CD. 

Ref = reference children, Ref TGA- = TGA negative reference children, pot CD = children with 

potential CD, CD = children with untreated CD, GFD-CD = children with CD after 1 year of gluten 

free-diet treatment.  

 

Mucosal immune responses in T1D  

In one of the studies we included patients with T1D and patients with concomitant T1D and 

CD, in addition to the CD patients. Previous studies have reported elevated IL-4, IL-1, HLA 

class II antigens and ICAM-1 in patients with T1D, indicating an enhanced immune activation 

in the intestine of T1D patients [257]. We studied the expression of Th1, Th17 and Treg 

markers IFN- IL-17A and FOXP3 respectively, in children with T1D (without CD) (Figure 

9, Figure 12 and Figure 14, respectively). The study showed similar levels of the 

aforementioned genes in T1D patients and reference children, which is in agreement with 

previous studies [181, 257]. Patients with T1D have on the other hand been reported to 

display elevated IL-17 responses in peripheral blood [313]. The T1D-duration might have 
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influenced the results, thus newly diagnosed T1D patients might display a different intestinal 

cytokine expression compared to patients with a longer T1D duration.  

 

Children with concomitant T1D and CD have previously been reported to express high levels 

of IL-1, IL-2, IL-4, IFN-, TNF- FOXP3 [181, 197, 257, 364, 390]. This is in contrast to 

our findings, where Swedish children with both T1D and CD seemed to express similar levels 

of IL-2, FOXP3 and IL-21 as reference children (unpublished results, data not shown).  

 

Children with CD and T1D seemed to express higher levels of IFN- and MMP3 than 

reference children, thus at levels similar to children with untreated CD (Figure 21).  

On the other hand, children with T1D and CD seemed to express low levels of IL-17RE, 

RORc, IL-18, STAT6 and NFATC2 compared to the references, thus similarly as children 

with untreated CD (unpublished results) (Figure 21-22). The STAT6 expression tended to be 

diminished in children with concomitant T1D and CD compared to children with untreated 

CD (Figure 22).  
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Figure 21. The expression of Th1 and Th17 associated markers in biopsies from children with and 

without CD and T1D. Ref = reference children, CD = children with untreated CD, T1D+CD = children 

with CD and type 1 diabetes.  
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Figure 22. The expression of Th2 associated markers in biopsies from children with and without CD 

and T1D. Ref = reference children, CD = children with untreated CD, T1D+CD = children with CD 

and type 1 diabetes.  

 

Interestingly, children with both CD and T1D displayed a pronounced IL-8 and SOCS3 

response compared to references (unpublished results)(Figure 23). This in contrast to another 

study where no differences in IL-8 expression were found in children with T1D and CD 

compared with children with untreated CD, T1D and references [181]. However, others have 

shown that stimulation of an intestinal epithelial cell line with IL-17 and IFN- induced high 

levels of IL-8 [391]. This is in line with our results where children with CD and T1D had 

elevated IFN- and IL-17 levels. Furthermore, elevated serum levels of IL-8 have been 

reported in patients with active CD compared to GFD-treated CD [392]. SOCS3 has 

previously been reported to be elevated upon in vitro stimulation of pancreatic islets with 

proinflammatory cytokines (such as IFN-, IL-1and TNF-) and also in the inflamed 

pancreas of T1D patients [393]. Thus, SOCS3 seem to be elevated both in the intestine and 

pancreas of T1D-patients. Furthermore has SOCS3 deficient mice been shown to be resistant 
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to -cell destruction and T1D development induced by streptozotocin [394], indicating that 

SOCS3 may play a role in pancreatic -cell autoimmunity.  
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Figure 23. The expression of IL-8 and SOCS3 in biopsies from children with and without CD and 

T1D. Ref = reference children, CD = children with untreated CD, T1D+CD = children with CD and 

type 1 diabetes.  

 

In Paper II we studied the spontaneous production of IL-1, IL-6 and IL-17A from intestinal 

biopsies from children with concomitant T1D and CD (Figure 15 and Figure 24). The 

spontaneous secretion of the aforementioned genes seemed to be elevated in children with 

T1D and CD compared to reference children. The Swedish children with concomitant T1D 

and CD seemed to have elevated IL-17A and IL-6 expression as compared to references and 

for IL-17 also compared to children with untreated CD (unpublished results)(Figure 24). 

Thus, the cytokine environment supports the IL-17 differentiation in children with both T1D 

and CD. CD patients with concomitant T1D seemed to spontaneously release more IL-17 than 

patients with CD alone, whereas patients with T1D alone did not express IL-17. This indicates 

that T1D might induce IL-17 production under certain conditions, such as at high-grade 

mucosal inflammation associated with villous atrophy. Interestingly, IL-17 transcripts were 

elevated in the Langerhans islets from a newly diagnosed patient with T1D when compared to 

non-diabetic individuals [395]. It is thus possible that IL-17 positive cells infiltrate the 

Langerhans islets and therefore are absent in the intestine.  
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Figure 24. The protein expression of IL-17 in in vitro cultured whole biopsies. The expression of IL-6 

and IL-17 in biopsies from children with and without CD and T1D. Ref = reference children, pot CD = 

children with potential CD, CD = children with untreated CD, T1D+CD = children with CD and type 

1 diabetes.  

 

Peripheral immune responses in CD  

We have studied both intestinal and peripheral immune responses, to investigate if the 

intestinal responses were reflected in peripheral blood. Our results showed that in CD the 

peripheral immune responses generally differed from the intestinal immune responses. In 

contrast to the Th1, Th2 and Th3 genes being dysregulated in the intestine of CD-patients, 

other genes were differentially expressed in the peripheral blood of children with CD. 

Children with CD expressed elevated levels of the Th1 associated markers: TBX21 (also 

known as T-bet) (Figure 25) and STAT4 peripherally. This is in agreement with a previous 

study reporting elevated T-bet levels in patients with active CD [396]. Here, the peripherally 

elevated T-bet expression was not concomitant with elevated IFN- levels in the blood. Thus, 

the peripheral Th1 response was different from the intestinal Th1 response.  
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Furthermore, children with untreated and GFD-treated CD expressed elevated levels of (the 

innate immunity related markers) IL-15, IL-18 and IL-18R1 peripherally compared to 

reference children (Figure 25). The elevated IL-18 response seen in this study is in agreement 

with a previous study reporting elevated serum levels of IL-18 in children with active CD, 

which in contrast to this study normalized after GFD [397]. Here the peripheral and intestinal 

IL-18 responses were inversed, since the intestinal IL-18 expression was diminished in 

untreated CD. It has been suggested that IL-15 contributes to the inflammatory response in 

CD by inhibition of TGF- signaling in mucosal T-cells [398]. Thus, it is not excluded that 

the mucosal inflammation is potentiated by systemic factors.  

 

 

Figure 25. The expression profile of the T-cell associated markers in PBMCs from children with and 

without CD. Ref = reference children, CD = children with untreated CD, GFD-CD = children with CD 

after 1 year of gluten free-diet treatment.  
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Children with untreated and GFD-treated CD expressed diminished peripheral levels of ICOS 

compared to the reference children (Figure 26). The intestinal ICOS response also seemed 

down-regulated in CD, significantly so between GFD-treated CD and references (data not 

shown). The dysregulated expression of the aforementioned genes in this study was not 

normalized by GFD-treatment, indicating that they might be disease related rather than related 

to the gliadin exposure.  

 

Children with untreated CD expressed elevated levels of FASLG peripherally compared to 

GFD-treated children and references (Figure 26). This is in agreement with a previous study 

showing elevated FAS-FASLG expression in untreated CD [399]. Here, the FASLG levels in 

GFD-treated children resembled those in the reference group, thus the FASLG expression was 

normalized after GFD-treatment. The increased FASLG expression in active CD might 

indicate an increased susceptibility of PBMCs to undergo Fas-mediated apoptosis.  

 

 

Figure 26. The expression of T-cell associated markers in PBMCs from children with and without CD. 

Ref = reference children, CD = children with untreated CD, GFD-CD = children with CD after 1 year 

of gluten free-diet treatment.  

 

An interesting finding was the up-regulated expression of GLMN seen both in the intestine 

and in the peripheral blood samples of children with untreated and GFD-treated CD (Figure 

27). The simultaneous up-regulation of GLMN suggests that GLMN is related to the disease 

itself and not only triggered by dietary gliadin. Little is known about the role of GLMN in 

humans. The GLMN expression was studied with conventional Real-time PCR in a larger 

study cohort, in order to repeat and confirm the results from Paper I. The results from the 

confirmatory study did however not display a significantly elevated GLMN expression in the 
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intestine or in the blood of children with untreated or GFD-treated CD (unpublished 

results)(Figure 27).  

 

 

Figure 27. The expression of GLMN in biopsies and PBMCs from children with and without CD. Ref 

= reference children, Ref TGA- = TGA negative reference children, pot CD = children with potential 

CD, CD = children with untreated CD, GFD-CD = children with CD after 1 year of gluten free-diet 

treatment.  

 

Multivariate data analysis of the gene expression  

PCA was used to visualize the differently expressed genes (Paper I) in intestinal samples from 

children with untreated CD (black squares), GFD-treated CD (red circles) and references 

(green squares) (Figure 28, left). The 20 genes being significant with univariate statistics 

separated the 3 study groups in the PCA. The genes included in the “peripheral” PCA plot, 

were not the same as in the “intestinal” PCA plot. PCA was used to visualize the differently 

expressed genes in peripheral blood from children with untreated CD (blue squares), GFD-

treated CD (purple circles) and references (yellow squares) (Figure 28, right). The 17 genes 
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being significant with univariate statistics separated the 3 study groups in the PCA, but in a 

different way than in the “intestinal” PCA.  

 

 

Figure 28. PCA visualization of the differentially expressed genes in biopsies (left) and PBMC (right) 

from children with and without CD. Black squares: biopsies from untreated CD, red circles: biopsies 

from GFD-treated CD, green squares: biopsies from references, blue squares: PBMCs from untreated 

CD, purple circles: PBMCs from GFD-treated CD and yellow squares: PBMCs from references. 

 

In Paper III PCA was used to visualize differently expressed genes in intestinal samples from 

children with potential CD (red circles), untreated CD (black squares), GFD-treated CD (light 

blue circles) and references (green squares) (Figure 29, left). The 23 genes being differently 

expressed with univariate statistics partially separated the 4 study groups in the PCA. The 

children with untreated CD were separated from the references, whereas the children with 

potential CD and GFD-treated CD were found in between the untreated CD and references. 

When the samples from children with potential CD and GFD-treated CD were excluded from 

the PCA plot of the 23 differently expressed genes, the group of children with untreated CD 

was clearly separated from the references (Figure 29, right).  
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Figure 29. PCA visualization of the differentially expressed genes in biopsies from children with or 

without CD. Red circles: potential CD, black squares: untreated CD, light blue circles: GFD-treated 

CD, green squares: references.  

 

In Paper III SOM-clustering formed four distinct clusters with differentially expressed genes 

in children at different stages of CD (Figure 30). The 1
st
 cluster contained genes being up-

regulated in untreated and GFD-treated CD, the 2
nd

 cluster contained genes being down-

regulated in potential CD, the 3
rd

 cluster contained genes being down-regulated in potential 

CD and untreated CD and the 4
th

 cluster contained genes being down-regulated in untreated 

CD.  
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Figure 30. SOM-clustering of the differentially expressed genes in biopsies from children with and 

without CD. TGA-neg Ref = TGA negative reference children, pot CD = children with potential CD, 

CD = children with untreated CD, GFD-CD = children with CD after 1 year of gluten free-diet 

treatment.  

 

Immune responses in the PRODIA children  

The clinical outcome of the PRODIA study was development of -cell autoantibodies or 

development of T1D during the follow-up in the probiotic and placebo group. Most of the 

children were as expected, autoantibody negative during their first 2 years of life, whereas a 

few children displayed transient autoantibody positivity (Table 6). No differences in the 

emergence of -cell autoantibodies were seen between the treatment groups. However, one 

child in the placebo group and one child in probiotic group displayed multiple autoantibody 

positivity. These children have been followed yearly after the intervention study, since 

positivity for multiple autoantibodies at the age of 2 years together with HLA related genetic 

risk of T1D is considered as a significant risk of T1D [285, 400]. The boy who received 

placebo during the intervention was positive for GADA and IAA at 24 months of age and has 

been continuously seropositive for both autoantibodies, but he has so far not developed T1D. 

Another boy who received probiotics was positive for IAA already at 6 months and also at 12 

months, and multiple positive for IAA, GAD and IA-2A at 24 months of age and was 
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continuously seropositive for all three autoantibodies at the yearly follow-up until he was 

diagnosed with T1D at the age of 6.5.  

 

Table 6. Autoantibody positivity in plasma samples from 6, 12 and 24 months old children who 

received probiotics (Pro) or placebo (C) during the first six months of life.  

 GADA IA-2A IAA Positive for at 

least one 

A.a.b. 

Pos for at least 

two A.a.b. 

Age pos/tot pos/tot pos/tot pos/tot pos/tot 

 Pro C Pro C Pro C Pro C Pro C 

6 

months 

0/101 1/92 0/101 0/92 1/101 1/92 1/101 2/92 0/101 0/92 

12 

months 

0/101 0/96 1/101 0/96 2/101 0/96 3/101 0/96 0/101 0/96 

24 

months 

2/91 1/86 2/91 0/86 1/91 1/86 2/91 2/86 1/91 1/86 

pos=positive samples, above the cut-off limit, tot=total number of samples, A.a.b.=autoantibody  

 

Flow cytometric analyses showed that the percentage of CD58+ CD14 cells in the peripheral 

circulation were lower in the probiotic group compared to the placebo group at 6 months of 

age (Figure 31). Thus, continuous TLR stimulation by probiotics seems to induce endotoxin 

tolerance and down-regulation of the monocyte activation marker CD58, as reported by others 

[401]. At 12 months of age, 6 months after the probiotic treatment had ended, the CD58 levels 

had increased in the probiotic group to levels similar to the placebo group. The monocyte 

activation stage was not limited to the intervention period, the first 6 months of life. Hence, 6 

months after the intervention had ended, at 12 months of age, the percentage of CCR5+ CD14 

cells was lower in the probiotic group compared to the placebo group (Figure 31). In the 

probiotic group, TLR stimulation tended to induce lower percentage of CCR5, CD80 and 

CD58+ monocytes at 6 months compared to at 12 months of age. This indicates that the 

probiotic treatment during infancy might induce hyporesponsive/deactivated monocytes.  
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Figure 31. The expression of CD58 at 6 months and CCR5 at 12 months on circulating monocytes in 

infants given probiotics or placebo during their first 6 months of life.  

 

The PCR-array analyses displayed that there were small differences in gene expression levels 

between the study groups at 6 and 12 months of age. There were no differences in the 

expression levels of TLRs signalling related genes in the PBMC population between the 

probiotic and placebo group at 6 months of age. At 12 months of age the expression of TLR9 

was elevated in the probiotic children compared to in the placebo group (Figure 32). Thus, 

early exposure to probiotics might induce prolonged effects on TLR signalling. Probiotic 

bacteria may use other signalling pathways than LTA-TLR2 to induce its immunomodulatory 

effects [402]. TLR9 is known to be involved in recognition of bacterial DNA. Recently it was 

shown that the probiotic strains Bifodobacterium breve and Lactobacillus rhamnosus and 

L.casei seem to induce different cytokine responses (in in vitro stimulated PBMCs), which 

seem to be dependent on TLR9 [30].  
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Figure 32. Gene expression of TLR9 in probiotic and placebo treated infants at 6 and 12 months of 

age.  

 

When the samples from infants who received probiotics and placebo were grouped together, 

we found increased number of CD80+ monocytes from 6 to 12 months of age in non-

stimulated samples, and also significant increase in the number of CCR5, CD80 and CD58 

expressing monocytes in response to stimulation (Figure 33). These age related changes 

indicate maturation of circulating monocytes and their stimulation response. The enhanced 

expression of the activation marker/co-stimulatory molecule CD86 detected by PCR arrays in 

PBMC samples from 6 to 12 months of age also supports the idea of maturation of the infants´ 

innate immune system during the first year of life.  
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Figure 33. Expression of CCR5, CD80 and CD58 on monocytes from LPS and LTA stimulated whole 

blood at 6 to 12 months of age in the whole study group.  

 

In the PRODIA study CRP was included as a marker of an ongoing inflammation. There was 

no difference in CRP levels between the probiotic and the placebo groups at 6 months of age 

(data not shown). The same mixture of probiotic bacteria given to infants with an allergic 

predisposition have previously been reported to induce elevated plasma levels of CRP at 6 

months of age [403], suggesting the induction of a low-grade inflammation in infants with an 

allergic predisposition. This effect was not seen in this study of infants with a genetic 

predisposition for T1D. The low grade inflammation was speculated to be the link between 

probiotics and prevention of allergy, which has been related with the impaired function of the 

innate immunity [403]. It is possible that children with a different genetic background, with 

risk for T1D instead of allergy, might not have an aberrant innate immunity and may therefore 

not display differences in the CRP response. 

 

Collectively, probiotic supplementation for the first 6 months of life in children with genetic 

risk for T1D did not seem to affect the risk for T1D autoimmunity. Instead, stimulation of the 
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gut immune system by probiotics induced moderate changes in the children´s innate immune 

responses studied peripherally. Due to ethical reasons it is not possible to study the intestinal 

responses of the probiotic supplementation.  
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SUMMARY & CONCLUDING REMARKS  

Extensive research has been performed in order to elucidate the triggering factors resulting in 

development of CD and T1D. So far the exact disease mechanisms are unknown and there is 

still no cure for the diseases. However, both CD and T1D are known to be associated with 

aberrant intestinal immune responses.  

 

Previous studies have generally been analyzing few markers at a time, thus little is known 

about the complex network of immunological responses taking place in individuals with and 

without CD and T1D, or at risk for the diseases. In this thesis we analyzed a broad range of 

immunological markers in peripheral and intestinal samples from children with and without 

CD and/or T1D.  

 

As seen in previous studies and also in this thesis, the immune alterations in the periphery and 

in the target tissue do not seem to correlate. This urges sample collection from the target 

tissue rather than from the peripheral blood. Samples from the target tissue are however more 

difficult to obtain especially in T1D. In our studies, the peripheral immune responses in CD 

were generally not reflecting the intestinal immune responses, since different immune 

markers were elevated in the blood compared to the intestine.   

 

Our results suggest that an aberrant expression of Th1 (Tc1), Th2, Th3, Th17 and Treg 

associated markers is an important feature of active CD. Our results support the idea that the 

intestinal Th1 response is a dominant and fundamental feature in CD. This might lead to 

enhanced epithelial leakiness and permit more gliadin to enter the mucosa, which 

subsequently leads to further immune activation and tissue damage. The peripheral immune 

responses were generally not reflecting the intestinal immune responses, although a Th1 

deviated immune response was also present in peripheral blood.  

 

Our findings show that GFD treatment for 1 year restored balance/homeostasis to a large 

extent, and the expression of Th2, Th3, Th17 and Treg associated markers are normalized. 

Interestingly, the Type 1 response (Th1, Tc1) remained elevated after GFD treatment, 

suggesting that while the imbalanced Th2, Th3, Th17 and Treg immune responses seemed to 

be dependent on the gliadin exposure, the Type 1 response seemed to be fundamentally 

associated with the disease itself.  
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Intestinal immune responses in children with concomitant CD and T1D were characterized by 

increased expression of inflammatory markers and resembled the ones observed in children 

with untreated CD. Interestingly, children with T1D alone had similar intestinal Th1, Th17 

and Treg responses as the reference children, It is worth noticing that most children with 

concomitant CD and T1D in our study were not newly diagnosed T1D patients, and it can not 

be excluded that newly diagnosed T1D might display a different expression pattern of the T-

cell associated markers.  

 

Since IL-17 was reported in inflammatory conditions, we focused our studies on IL-17 and 

Th17 associated markers in individuals with and without CD and/or T1D. We studied the 

expression of IL-17 associated markers in biopsies, but also the production of IL-17 from in 

vitro biopsy cultures. Both the expression and spontaneous release of IL-17 was higher in the 

children with concomitant CD and T1D than in the patients with CD alone, whereas patients 

with T1D alone did not show enhanced IL-17 activation. Interestingly, children with potential 

CD had diminished levels of IL-17, whereas children with untreated CD had elevated levels 

of IL-17, indicating that the IL-17 immunity developed in the late phase of CD when villous 

atrophy had developed.  

 

We also proceeded to perform functional experiments to clarify the role of IL-17 in apoptosis, 

as it has been suggested that this cytokine might be involved in intestinal apoptosis. In active 

CD damage of the intestinal epithelial layer is characteristic for the disease and apoptosis is 

one of the mechanisms behind the gluten triggered villous atrophy. Although it has been 

suggested that IL-17 might be involved in intestinal apoptosis, our results suggests that IL-17 

did not contribute to apoptosis of epithelial cells, but instead it seemed to induce anti-

apoptotic mechanisms in our experiments with an epithelial cell line. Thus, activation of IL-

17 immunity at the late stage of CD may be a protective response to tissue damage.  

 

MMPs play a key role in ECM turnover and are also believed to be involved in the 

pathophysiology of CD. Whether they have a causative role in the development of the villous 

atrophy or are a consequence of the disease process is unknown. Our study showed that active 

CD was associated with elevated MMP3 levels, which normalized after GFD treatment, thus 

concurrently with the intestinal mucosa. This indicates that the MMP elevation is related to 

the gliadin induced tissue damage.  
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In the PRODIA study, the number of children with genetic risk for T1D developing T1D 

related autoantibodies during their first 2 years of life was low as expected and no difference 

in the autoantibody emergence was seen between infants supplemented with probiotics 

compared to placebo. Immunological studies support the notion that probiotic 

supplementation modulated the activation stage and stimulation response of monocytes.  
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