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Abstract
Background & Aims: Celiac disease (CD) is a chronic inflammatory
small-bowel enteropathy caused by permanent intolerance to gliadin in
wheat gluten, and related proteins in ray and barley. It is disputed whether
CD patients tolerate oats. The only treatment of CD is lifelong gluten-free
diet (GFD). Only individuals that carry the HLA-DQ2 and/or DQ8 alleles,
and eat gluten can develop CD. Dysbiosis in the gut microbiota is a
suggested risk factor for CD. T cells in small intestinal mucosa, including
intraepithelial lymphocytes (IELs), are known to be important in the
pathogenesis of CD. In contrast, the role of intestinal epithelial cells (IECs)
is poorly understood. In this thesis we investigated the role of IECs in the
immune pathology of CD from duodenal mucosa of children with CD,
clinical controls and treated CD. We also investigated the role of CD
associated bacteria and oats supplemented GFD on the mucosal immune
system.
Results: A new CD-associated bacterium, Prevotella jejuni, was isolated
and characterized. It is a saccharolytic and proteolytic anaerobe. More than
25 defense-related genes, including IRF1, SPINK4, ITLN1, OAS2,
CIITA, HLA-DMB, HLA-DOB, PSMB9, TAP1, BTN3A1, and CX3CL1,
were upregulated in IECs in active CD. In two in vitro models for intestinal
epithelium, small intestine enteroids and T84 polarized tight monolayers,
we showed that 70% of these genes were upregulated by interferon (IFN)γ via the IRF1 pathway. IRF1 was also upregulated by the CD-associated
bacteria P. jejuni and Actinomyces gravenitzii. IECs expressed the
NLRP6/8 inflammasome yielding CASP1 and biologically active
interleukin (IL)-18, which induces IFN-γ in IELs. P. jejuni bound the
intestinal epithelial cell lines T84, Caco2, HT29, and INT407, while
Lachnoanaerobaculum umeaense preferentially bound Caco2. P. jejuni
caused decreased transepithelial resistance over tight monolayers, while L.
umeaense caused an increase. P. jejuni upregulated mRNAs for the
detoxification molecules CYP1A1, CYP1A2, CYP1B1, and TIPARP, the
chemokines CX3CL1, CXCL1, and CXCL10, the sialyltranserase
ST3GAL4, and the inflammation promoting protein S100A3 in tight
monolayers. L. umeaense upregulated the chemokines CCL20 and
CXCL10, and down-regulated TLR2. In a randomized, double-blinded
intervention trial comparing two study-groups, standard GFD and oatcontaining GFD, we found that mRNAs for several immune effector
molecules and tight junction proteins were only reduced in patients
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receiving GFD, but not in a substantial fraction of patients on GFD with
oats. The down-regulatory cytokines IL-10 and TGF-β1, the cytotoxicityactivating NK-receptors NKG2C and NKG2E, and the tight junction
protein claudin-4 remained elevated in the study group on GFD with oats.
Conclusions: IECs are far from inactive in CD. A key factor in the
epithelial reaction in CD appears to be over-expression of IRF1 in IECs.
Dual activation of IRF1 and IRF1-regulated genes, both directly by P.
jejuni and indirectly by IFN-γ via the IL-18-inflammasome, would
drastically enhance the inflammatory response and lead to the pathological
situation seen in active CD. P. jejuni harms the intestinal epithelium, i.e.,
it is a likely risk factor for CD, while L. umeaense strengthen barrier
function and local immunity, possibly acting as a protective. A fraction of
CD patients should avoid oats in the diet.
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Populärvetenskaplig sammanfattning
Celiaki är en kronisk tarmsjukdom orsakad av intolerans mot gluten. Den
är i dag en av de vanligaste kroniska sjukdomarna hos barn, men kan bryta
ut i alla åldrar. Sjukdomen orsakas av en intolerans till vissa
glutenproteiner i vete och andra besläktade proteiner i råg och korn. Intag
av gluten hos patienter med sjukdomen ger upphov till en inflammation i
tunntarmens slemhinna. Långvarig inflammation i slemhinnan leder till
nedbrytning av tarmluddet (-villi) och ökar antalet immunförsvarsceller i
tarmslemhinnan, så kallade intraepiteliala lymfocyter (IELs). De kliniska
symptomen varierar mycket mellan olika individer och kan vara väldigt
diffusa. Symtomvariationen för celiaki gör att ett stort antal individer med
sjukdomen är odiagnostiserade. Vid glutenfri kost försvinner tarmskadan
och de kliniska symtomen. I dagsläget finns endast en behandling, vilken
är strikt glutenfri kost livet ut. Frågan om havre kan ingå i den glutenfria
kosten eller inte hos patienter med celiaki är tvetydligt.
Uppkomstmekanismen bakom celiaki är multifaktoriell, både genetiska
och omgivningsfaktorer är förknippad med sjukdomen. Nästan alla
patienter med celiaki bär på anlag för transplantationsgenerna, HLA-DQ2
och/eller HLA-DQ8. Att exponeras för gluten är en avgörande
omgivningsfaktor för att insjukna i celiaki. Andra föreslagna
omgivningsfaktorer är mängden och tidpunkten för glutenintroduktion,
tidiga infektioner, samt en obalanserad tarmflora. Stora delar av
sjukdomsmekanismen är dock fortfarande okänd. Det man vet är att
patienter med celiaki har glutenspecifika immunförsvarsceller (T
lymfocyter) i tunntarmen, både i epitelet och i lamina propria. Vid aktiv
sjukdom produceras det inflammatoriska cytokinet interferon- (IFN-γ),
anti-gluten antikroppar och autoantikroppar av immunceller i
tarmslemhinnan. Detta leder till ökad rekrytering av immunceller och en
kronisk inflammation i tarmslemhinnan. När gluten kommer till
tunntarmen möter det först epitelet, som utgörs av två celltyper, IEL och
epitelcellerna. Tidigare forskning har framförallt fokuserat på
immunförsvarscellernas funktion i sjukdomen. Däremot är epitelcellernas
inverkan på sjukdomsmekanismen inte lika väl studerad, vilka utgör den
första barriären i tunntarmen.
Syftet med denna avhandling var att förstå reaktionen i tunntarmsepitelet
vid uppkomsten av celiaki, inklusive tarmflorans inverkan på
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tarmepitelcellerna, samt undersöka effekten av havre i glutenfri kost hos
barn med celiaki.
Glutenfri kost är inte optimal ur näringssynpunkt och det skulle vara
fördelaktigt att kunna kombinera den glutenfria kosten med havre. I artikel
I undersökte vi immunförsvaret hos barn som ätit glutenfri kost med eller
utan havre. Resultatet visade att tunntarmsslemhinnan hos barn som åt
glutenfri kost med havre inte blev helt läkt, vilket den gjorde hos barnen
som åt enbart glutenfri kost. Många av patienterna som åt havre hade
kvarvarande tecken på pågående inflammation i epitelet, vilket innebär att
deras immunförsvar reagerade på havre.
Vår forskargrupp har tidigare observerat att celiakipatienter oftare har
stavformade bakterier bundna till tunntarmsepitelet än kontroller. Vi har
även
isolerat
stavformade
bakteriestammar
framodlade
ur
tunntarmsbiopsier från celiakipatienter, varav två är hittills okända
bakteriearter. Den ena bakterien har fått namnet Lachnoanaerobaculum
umeaense, den andra som är en ny Prevotella-art, har fått namnet
Prevotella jejuni. I artikel II, III och IV har vi undersökt dessa bakteriers
inverkan på epitelceller genom att studera bindning, permeabilitet
(genomsläpplighet) och genuttrycket i epitelcellerna. Det visade sig att
bakterien L. umeaense verkar ha en skyddande effekt på epitelcellerna
genom att minska permeabilitet och orsakar uppreglering av gener som
kan bidra till ökad tolerans i tunntarmen. Däremot verkar den nya bakterien
Prevotella jejuni vara mer skadlig genom att binda starkt till epitelcellerna,
öka permeabiliteten och utsöndra toxiska faktorer som leder till att
epitelcellerna uppreglerar gener som ingår i avgiftningssystemet. Vidare
visades en uppreglering av genen IRF1 i epitelcellerna, en gen som kan
inducera ett högre IFN-γ påslag i immunceller i tarmslemhinnan.
I artikel IV undersökte vi tunntarmsepitelets immunreaktion vid celiaki
genom att studera gen- och proteinuttrycket i epitelceller framrenade från
celiakipatienter. Resultaten visar att nästan 70 % av de uppreglerade
generna i epitelcellerna beror på höga nivåer av INF-γ. Epitelcellerna
verkar också själva bidra till höga nivåer av INF-γ hos celiakipatienter
genom att bilda IFN-γ inducerande faktorn, IL-18 via IRF1, som stimulerar
lymfocyter i tunntarmen till ökad produktion av inflammatoriska INF-γ.
Sammanfattningsvis belyser denna avhandling hur havre, tarmfloran och
epitelcellerna bidrar till den immunologiska sjukdomsbilden vid celiaki.
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Havre verkar orsaka en pågående inflammatorisk reaktion i epitelet hos en
del celiakipatienter som äter glutenfri kost. Tarmfloran hos patienter med
celikai kan både ha en skyddande, men även en skadlig effekt på
epitelcellerna. Slutligen påvisades tunntarmsepitelcellerna vara väldigt
aktiva vid celiaki och verkar även själva bidra till den inflammatoriska
processen i tunntarmsslemhinnan.
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1. INTRODUCTION
Celiac disease (CD) is a chronic small intestinal enteropathy, in its
classical form describe in infants and young children, the disease results in
a malabsorption syndrome with diarrhoea and failure to thrive. The disease
is multifactorial with a strong genetic association. CD is caused by an
inappropriate immune response to gluten, a storage protein in wheat, and
related proteins in barley and rye. It affects at least 1% of the population
in the Western world, but there is evidence to suggest that the majority of
affected individuals are undiagnosed since they have mild and diffuse
symptoms, which do not primarily evoke suspicion on CD. Lifelong
adherence to a gluten free diet is the only effective treatment so far and it
is still disputed whether CD patients tolerate oats. CD is the only human
immune-mediated disease for which we have broad information on the
target tissue under normal and diseased conditions, and also what causes
it, but we still not fully understand the whole pathogenesis. Both innate
and adaptive immune reactions seem to take place in the small intestinal
mucosa in active CD. Furthermore, it is suggested that intestinal epithelial
cells and microbiota may contribute to CD. The three following chapters
is an overview over the immune system, mucosal immune system of small
intestinal and features in the pathogenesis of CD.

1.1. Immune system
1.1.1 General overview of the immune system
The immune system in humans consist of molecules, cells, tissues and
organs that protect us against potentially dangerous agents, and invading
organisms that could cause infections and harm. It also has an important
task in protection against transformed autologous cells, which by
uncontrolled growth can endanger the life of the individual. The immune
system is specialized to distinguish between self and non-self antigens (1).
It plays an important role in helping the homeostasis of the body. Mainly
at its mucosal sites and to lesser extent the skin, where the external
environment e.g. food constituents, commensal microflora, pathogens and
noxious compounds meets various surfaces that represent the boarder to
the internal milieu of the body. The immune system in humans can be
dived into two parts, the innate and the adaptive, determined by the speed
and specificity of the protective reaction.
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The innate immune system is the first line of defense against a pathogen.
It is rapid, unspecific and without memory. The main function is to limit
early infection. It comprises of physical barriers like skin, mucosal layers
and pH of body secretions. The innate immune response also includes
secreted proteins like cytokines, components of the complement system,
antimicrobial peptides (AMPs) such as defensins, and enzymes such as
lysozyme. The cells of innate immunsystem, composed of neutrophils,
eosinophils, basophils, mast cells, natural killer (NK) cells, dendritic cells
(DCs), macrophages, innate lymphoid cells (ILCs) and specialized
epithelial cells in the gut, that are unspecific in their recognition. The main
way of innate immune system activation is based on recognition of
pathogen-associated molecular patterns (PAMPs) and/or dangerassociated molecular patterns (DAMPs) (1, 2). PAMPs are molecules of
exogenous type, which are e.g., present on bacteria. DAMPs are danger
detection molecules of endogenous type i.e., proteins expressed on
stressed bodily cells. Both PAMPs and DAMPs are recognized by pattern
recognition receptors (PRR) expressed on a variety of immune cells. Tolllike receptors (TLRs) and nucleotide-binding oligomerization domain-like
receptors (NLRs) are examples of PRRs. Interaction of PRR with PAPMs
or DAMPs initiates a response that stimulates the immune cells to produce
signal molecules like the cytokines that recruit cells of the adaptive
immune system.
The adaptive immune system represents the more specific arm of the
immune system. If the innate immune system fails to completely clear the
pathogen, the adaptive immune system gets activated. As the name
implies, the adaptive immune system has the ability to adapt its defense
depending on the encounters. The adaptive immune system is
characterized by antigen specificity, diversity, immunological memory
and self and no-self recognition. The major cellular components in the
adaptive immune are T- and B lymphocytes also called T and B cells. Both
these cells types have clonally distributed specific cell membrane bound
receptors which help them to recognize and bind different types of
molecules know as antigens. T cells recognize and bind antigens with their
T cell receptors (TCRs). The antigens are recognized as peptide fragments
bound to specific display cell-surface proteins known as major
histocompatibility complex (MHC) molecules. T cells require the antigen
to be presented on MHC for recognition and subsequent activation (2). The
B cells on the other hand recognize and bind antigens in their native form

2

with their B cell receptors (BCRs). BCRs are immunoglobulins (Igs) that
are membrane bound. Antigen binding via the BCR transmits activation
signals to the B cell, eventually leading to expansion and specific antibody
production.
1.1.2 Cells of the immune system
The cellular components of blood, include red blood cells (erythrocytes),
white blood cells (leukocytes), and platelets. Leukocytes are the cells of
the immune system that mediate the immune response by a variety of
different cells and by the molecules which they secrete. Leukocytes are
divided into five classes based on their physical and functional
characteristics; neutrophils, eosinophils, basophils, lymphocytes, and
monocytes/macrophages/DCs. The first three are also known as
granulocytes due to the presence of granules in their cytoplasm.
Lymphocytes can be further divided into T cells, B cells, NK cells and
ILCs. Both T and B cells are very important in immunological memory.
Memory T and B cells are produced by antigen stimulation of naïve T and
B cells, and survive for many years after the antigens are eliminated. They
can then induce a rapid and enhance responses to second exposures to
antigens by clonal expansion. This principle is applied in our vaccines.
1.1.2.1 Granulocytes and mast cells
Granulocytes belong to the innate immunity and play important roles in
inflammation, both for cleaning pathogens and for regulation of the
immune response. They mature in the bone marrow and are released fully
differentiated into the circulation with a very short life (3, 4). They are
divided into three cell subtypes depending on effector function and cellular
morphology (Wright's staining); neutrophil-, eosinophil- and basophil
granulocytes.
Neutrophils is the most dominating population of leukocytes and
constitutes 60-70% of circulating leukocytes in the blood. These cells are
typically the first leukocytes to arrive at the site of infection and/or
inflammation. They are recruited to the site by a process called
chemotaxis, where they move towards a chemical gradient of cytokines,
leukotrienes, prostaglandins, and complement factors (5). Neutrophils can
eliminate pathogens by multiple mechanisms, both intra- and extracellular;
phagocytosis i.e., ingestion of bacteria for example, degranulation i.e.,
release of soluble anti-microbials, and generation of neutrophil
extracellular traps (5).
3

Eosinophils constitute 2% to 4% of the circulating leukocytes. They are
the first line of defense against parasites. These leukocytes are important
in IgE mediated antibody dependent cell mediated cytotoxicity (ADCC)
and in the clearance of parasitic organisms. They are found distributed in
mucosal tissues.
Basophils are non-phagocytic granulocytes, and have structural and
functional similarities to mast cells. They represent a very small portion of
circulating leukocytes in the blood, under 1%. Basophils play a role in
immediate and delayed hypersensitivity. When activated they release
histamine and other inflammation mediators, that play a significant role in
the late responses to allergen exposure.
Mast cell progenitors are lacking cytoplasmic granules, when they migrate
into the connective tissue or the lamina propria of mucosa they proliferate
and accumulate cytoplasmic granules (6). Mast cells are important in
several different situations such as parasite infections, tissue remolding,
and angiogenesis (6). They express a high affinity Fc receptor for IgE and
contain numerous mediator filled granules. Two subtypes of mast cells are
described in humans. Mucosal mast cells which are tryptase-containing,
and connective tissue mast cells which are tryptase- and chymasecontaining (7).
1.1.2.2 T lymphocytes
T lymphocytes or T cells, originate from the same progenitor as B cells. In
contrast to B cells, they leave the bone marrow and mature in the thymus
where they undergo rearrangement of gene segments that codes for their
αβ- or γδTCR. The TCR genes are assembled from their component
variable (V), diversity (D), and joining (J) gene segments in a lymphocyte
specific process referred to as V(D)J recombination. The V(D)J
recombination of the TCR is generated to produce a receptor specific to a
certain target antigen, and to generate a tremendous variety of T cells with
different specificities, creating a huge T cell repertoire. Two enzymes are
crucial for initiation and assembly of TCR, recombinase-activating genes
1 and 2 (RAG1 and RAG2). Another enzyme terminal deoxynucleotidyl
transferase (TdT), is also essential for generation of high diversity TCRs.
The enzyme TdT adds nucleotides to the junctions and thereby further
increases the variation of TCRs. In the course of this process the immature
T cells start also to express two co-receptors CD4 and CD8 and are called
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double positive (CD4+CD8+). During intrathymic maturation the immature
double positive T cells will undergo two selection processes, positive
respectively negative selection. Positive selection ensures that T cells are
self MHC restricted, and positively selected cells are then induced to
differentiate into single positive cells, CD4+ or CD8+. CD4+ cells
recognize antigens presented on MHC class II molecules, while CD8+ cells
recognize antigens presented on MHC class I molecules. The negative
selection eliminates self-reactive T cells, thereby contributing to the
maintenance of self- tolerance (8). T cell maturation is an ongoing process
throughout human life, however, human thymus regresses at puberty,
indicating that other sites/organs also are involved in T cells maturation.
This process is called extrathymic T cells maturation (ETCM). One of the
sites where ETCM is belived to takes place in humans, is the small
intestinal mucosa (9, 10).
Mature T cells circulate in the blood, populate secondary lymphoid tissue,
and are recruited to peripheral sites of antigen exposure. Each single T cell
express TCRs that are specific to only one antigen on their surface together
with the CD3 complex that transmits the TCR activation signal upon
antigen recognition. T cells can be divided into several subsets according
to the type of TCR, markers they express, and their functions. T cell are
divided into αβT cells and γδT cells, according to the peptide chains
expressed on their TCR. The majority of T cells that develops in the
thymus are αβT cells. The activation of αβT cells depends on that the
antigen is presented on MCH class I or II molecules and is recognized by
the TCR. The αβT cells are further divided by the single expression of the
co-receptors, CD4 or CD8, CD4 recognize antigens presented on MHC
class II molecules and CD8 on MHC class I molecules. Generally, the
CD4+ T cells are T-helper cells (Th) and CD8+ T cells are cytotoxic cells
(Tc), precursors of the T cells that execute killing of infected cells i.e., the
cytotoxic T cells (CTLs). T cells require two signals for their activation
and subsequent proliferation: 1) recognition of the antigen presented on
MHC class I or II by the CD3/TCR-complex and, 2) interaction between
co-stimulatory molecules present on the T cell and the antigen presenting
cell (APC). Lack of the second signal leads to inability to proliferate and
results in clonal anergy or apoptosis of the T-cell. (11).
T helper or Th cells express the co-receptor CD4 and can recognize antigen
presented on MHC class II molecules. They play a central role in the
initiation, regulation and maintenance of both the innate and adaptive
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immune response. For example they help and regulate B cells antibody
production, enhance and preserve responses of CD8+T cells, regulates
macrophages function and mobilize immune cells through their cytokine
secretion (12). After encounter with an antigen presented on MHC class II
molecules Th cells proliferate, clonally expand and thereafter differentiate
into T effector and memory T cells. Depending on the cytokine milieu and
type of stimuli, the Th cells can differentiate into several subsets (Th1,
Th2, Th17, Th9, and Th22) where all of them secrete different cytokines
to promote different biological functions (13). Th1 cells are characterized
by their production of interferon (IFN)-γ and tumor necrosis factor (TNF)α, but also interleukin (IL)-2, lymphotoxin and granulocyte macrophage
colony stimulating factors (GM-CSF). They are involved in immune
response against intracellular pathogens, and are implicated in several
autoimmune diseases (14). Th2 cells are characterized by their secretion
of cytokines such as IL-4, IL-5, and IL-13. They are involved in defense
against extracellular bacteria and multicellular parasites, but also in
allergies and atopic illness. Th2 cells are involved in the humoral immunity
by promoting plasma cells differentiation and antibody class switching.
They also suppress development of Th1 cells by their production of IL-4
(14). Th17 cells produce pro-inflammatory cytokines IL-17A, IL-21 and
IL-22. They play a crucial role in host defense against severe bacterial and
fungal infection, by promoting and enhancing inflammatory response (15).
Th17 cells are increased in several autoimmune diseases. Th9 cells
produce IL-9, IL-10 and IL-21. They are important in promoting mucus
production, activation of mast cells and eosinophil granulocytes (14). Th9
cells are associated with immunopathology of asthma, but also believed to
have immune regulatory function, since they produce IL-10, a potent antiinflammatory cytokine (16). Th22 cells produce the cytokine IL-22,
which is increased in several autoimmune diseases (17). Th cells have
shown linear plasticity, meaning that subset of signature cytokine
expression is not stable and can switch. For instance Th2- and Th17 cells
can switch towards Th1 properties and produce IFN-γ (14).
Cytotoxic T cells (CTLs) and Tc cells express CD8 on their surface and are
selected in the thymus to recognize foreign peptides that are presented on
MHC class I molecules. Their major effector function is to recognize and
kill host cells infected with virus, other intracellular pathogens, and tumor
cells. CTLs eliminate target cells by four distinct pathways: 1) induction
of apoptosis by triggering the death receptor through Fas-FasL interaction;
2) induction of apoptosis by release of perforin and granzyme B; 3) direct
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killing by perforin causing lysis and; 4) indirect killing by release IFN-γ
and TNF-α that activates NK cells and macrophages, respectively (18).
Similar to Th cells, CD8+T cells can differentiate into several subclasses
(Tc1, Tc2, Tc9 and Tc17) depending on the cytokine milieu and type of
stimuli (19, 20). Tc1 cells produce perforin, granzyme, IFN-γ and TNF-α,
and are important in clearance of intracellular pathogens. Tc2 cells
produce IL-4, IL-5 and IL-13, like Th2 cells. Tc9 produce IL-9 and IL-10,
and are found in the intestinal epithelium, where they constitutes a part of
intraepithelial lymphocytes (IELs). They are believed to be important in
preventing inflammation (20). Tc17 produce the cytokines IL-17A and IL21 and are found in the mucosa of the intestinal and the lungs. They are
believed to be involved in several autoimmune diseases (20, 21). Similar
to Th cells, CD8+T cells have shown some linear plasticity, Tc17 cells can
switch towards Tc1 cells by the production of first IL-17A and then IFNγ and TNF-α (22).
Natural killer T-cells (NKT) are subset of lymphocytes that express TCRs
and some surface molecules characteristic of NK cells, such as
CD56/CD161. Like T cells, NKT cells development and maturation is
thymus depended (23). NKT cells are generally activated by lipid antigens
presented by the non-classical MHC class I molecule CD1d, expressed on
DCs, macrophages, B cells and intestinal epithelial cells. In humans NKT
cells are divided two main subsets, type I and type II NKT cells. Both types
of NKT cells are present in the intestinal mucosa, especially type I with
the highest frequency in lamina propia (LP) of the small intestine (24).
Upon activation type I NKT cells can produce several effector molecules,
including IFN-γ, IL-2, IL-10, IL-13, IL-17A, IL-21 TNF-α, FasL,
granulysin and GM-CSF. Type II NKT cells produce mainly the proinflammatory cytokines IFN-γ, IL-17 and TNF-α, and the antiinflammatory cytokines IL-4 and IL-10. Both types are involved in many
different immune responses, such as response to infections and
inflammation (24).
T regulatory cells or Tregs are associated whit the two cytokines, IL-10
and TGF-β1. They are important regulators of most immune responses in
our body. Tregs control the activity of cells that are involved in the
adaptive and innate immune response. Tregs are important for maintaining
peripheral tolerance, limiting chronic inflammation, and preventing
autoimmune diseases (25). They are divided into several different
subclasses depending on where they maturate, expression of transcription
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factors, surface markers and cytokines produced. Natural Tregs (nTregs)
are CD8+Tregs that are thymus derived and express the Foxp3
transcription factor. CD8+Tregs produce IL-10, TGF-β, granzymes and
perforin. They are important in regulation of T cell mediated responses.
Dysfunction of CD8+Tregs is linked to autoimmune diseases like
inflammatory bowel disease (IBD) (20). Tregs that mature, and are
induced in secondary lymphoid organs, so called post thymic maturation
(i.e., iTregs), are further divided into Foxp3+ cells (Th3) and Foxp3- cells
(Tr1) (14). Tr1 cells are the main source of the anti-inflammatory cytokine
IL-10. They have an immune suppressive effect on Th1 cells, APCs,
macrophages and mast cells (26). Both nTregs and Th3 cells produce TGFβ1, which is important in maintaining peripheral tolerance and inhibiting
IL-17 production (25). Like other T cells subtypes, Tregs have linear
plasticity and can switch towards Th1 properties.
γδT cells, which are sometimes called “innate like T lymphocytes” are
defined by their γδTCR composed of one γ- and one δ-chain. Most of the
γδT cells have MHC independent antigen recognition for activation and do
not express co receptors CD4 and CD8 (27). They represent 0.5-16% of
circulating lymphocytes and are more frequent in the epithelial
compartments where they act as the first line of defense (28). There are
several different subsets of γδT cells described in humans and they are
defined by their V segment of TCR δ chain; Vδ1-, Vδ2-, Vδ3- and Vδ5T
cells (29). The Vδ1- and Vδ2T cells are those γδT cells that have been
most studied. Vδ1T cells are primarily found at epithelial surfaces and
involved in controlling epithelial tissue integrity, while Vδ2T cells are
mainly found in peripheral blood. γδT cells recognize pathogens through
their TCR together with the co-receptors, TLRs and natural killer receptors
(NKRs). They can also recognize stress induced MHC class I chain related
antigens A and B (MICA/MICB) and butyrophilin (30). Activated γδT
cells have several effector functions; cytotoxicity, cytokine and chemokine
production, mainly IFN-γ and IL-17, and antigen presentation (29).
1.1.2.3 B lymphocytes
In humans mature B lymphocytes or B cells are mainly found in lymphoid
follicles in secondary lymphoid tissues, in bone marrow, and in the
circulation. They develop into plasma cells that produce Igs, antibodies.
Plasma cells are the only cell type capable of producing and secret
antibody molecules, and therefore the mediator of humoral immune
response. Antibodies are important in neutralizing toxins, prevent
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adhesion of pathogens to mucosal surfaces, opsonize microorganisms for
phagocytosis, activating complement system, and are involved in ADCC.
Beside their role in humoral immunity, B cells are important in regulating
immune homeostasis, including antigen presentation, cytokine production
and wound healing (31). Regulatory B cells (Bregs) have an immune
suppressive effect by producing IL-10 and TGF-β. They are often found in
inflammation sites, where immunosuppression is needed (32). B cells,
develop in the bone marrow where they undergo rearrangement of the
BCR gene fragment thereby generating a mature, antigen specific BCR
expressed on their cell membrane. The BCR is a membrane bound Ig
molecule that works as an antigen binding receptor, composed of two
identical light and two identical heavy chains. Each light and heavy chain
contains an amino terminal variable region, and a constant region. The
variable regions of the BCR bind the antigen, while the constant regions
exert the effector function and determine the antibody class. B cells also
undergo two selections processes; positive and negative selection in the
bone marrow (33). Each naïve B-cell express BCRs of IgM and IgD
isotypes that are specific for one specific antigen on their membrane
surface. B cell activation occurs in the secondary lymphoid tissue, such as
the spleen and the lymph nodes, by binding antigen to their BCR. This
process may induce changing the constant part of the Ig molecule to IgG,
IgA or IgE, and is called isotype switching (34). Upon antigen activation
and with the help of Th cells, the B cells become activated, and can
differentiate into plasma cells or long lived memory B cells. Plasma cells
are usually short lived, but a fraction of these cells becomes long lived
plasma cells in humans (35).
1.1.2.4 Natural Killer (NK) cells
NK cells are subset of bone marrow derived lymphocytes, which belong
to innate immunity. They have cytotoxic activity and play an important
role in killing of malignant or virus infected cells. Their cytolysis can be
executed by three different mechanism: 1) exocytosis of cytoplasmic
granules containing perforin and granzyme; 2) induction of apoptosis by
triggering the death receptor through Fas-FasL interaction and; 3) ADCC
(36). NK cells are also important as immune regulators, creating a bridge
between innate and adaptive immune response. They promote the cell
mediated immune response by producing cytokines like IFN-γ and TNFα. NK cells are not dependent on MHC for antigen recognition and
activation, as T cells are. Compared to B and T cells, NK cells do not
express clonally distributed antigen receptors like BCRs or TCRs. Instead,
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they express a repertoire of different inhibitory and stimulatory receptors
that regulate their killing activity (36, 37). The interplay between
activation of inhibitory and stimulatory receptors decides, whether NK
cells will be activated or not. Some of inhibitory receptors are specific for
MHC class I, whereas others bind non classical human MHC class I
molecules (37). Killer cell immunoglobulin like receptors (KIRs) and
CD94-NKG2A receptors are known inhibitory receptors. One of the most
described activating receptors on NK cells is NKG2D, which is also
expressed on γδT cells and CD8+T cells (38, 39). NK cells detect either a
lack of ligand, such as missing of MHC class I, or presence of ligand that
normally is not expressed by healthy cells (40).
In humans, NK cells represent 15% of the peripheral blood lymphocytes,
and express surface phenotype of absence of TCR and CD3. They express
the surface marker CD56, CD3-CD56+ (37). NK-cells can further be
divided into either CD56bright or CD56dim cells. CD56bright cells,
produce chemokines and cytokines, but lack the ability to kill infected cells
spontaneously. CD56dim cells, on the other hand, can kill infected cells
spontaneously, but lack the ability to produce chemokines and cytokines
in order to activate cells (41, 42). Normally, immunological memory is a
hallmark of adaptive immunity. However, some recent studies suggest that
NK cells can process features of immunological memory (43, 44).
1.1.2.5 Antigen-presenting cells
Antigen presenting cells (APCs) are a group of immune cells that mediate
the cellular immune response. This by processing and presenting antigens,
in association with MHC molecules, on their surface, and activating
antigen-specific T cells. MHC molecules are divided into two classes:
MHC class I (one polymorphic α-chain and β2-microglobulin) and MHC
class II (a heterodimer of the two polymorphic α- and β-chains). MHC
class I are expressed on the surface of almost all nucleated cells and present
processed peptides from endogenous antigens, such as viral and tumor
antigens, to Tc cells. MHC class II molecules present processed
extracellular antigens to Th cells and are expressed during normal
circumstances by professional APCs, which include DCs, B cells, and
monocytes/macrophages. In addition to MHC class II molecules, APCs
also express so called co-stimulatory molecules on their surface. The most
important are CD80 and CD40, which interact with their respective ligands
CD28 and CD40L on the T cells. Resulting in a second, unspecific signal
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that is usually required for T cell activation and a subsequent adaptive
immune response.
Dendritic cells (DCs), are the most potent professional APCs. They are
characterized by long cytoplasmic processes allowing intimate contact
with several T cells. DCs express constitutive high amounts of MHC class
II molecules on their surface. They also express surface accessory
molecules CD80/CD86 and CD40. Mucosal DCs are distributed along the
small and large intestine. They are found in lamina propria (LP), isolated
lymphoid follicles, Peyer’s patches (PPs), and (PPs) mesenteric lymph
nodes. The mucosal DCs can produce the cytokines IL-10 and TGF-β1 as
well as retinoic acid (RA) and indoleamine 2,3 dioxygenase (IDO), which
promotes the differentiation into effector or T regulatory cells (45). These
DCs can also regulate the induction of isotype class-switch to IgA (46).
Monocyte/macrophages, monocytes are circulating blood cells that are
precursors to tissue macrophages. Monocytes are actively recruited into
inflammatory sites, where they differentiate into macrophages. There are
two main phenotypes of macrophages, M1 and M2, depending on the type
of molecules that activates them. M1 are the pro-inflammatory and antimicrobial macrophages that are activated by IFN- γ, TNF-α and TLR
ligands. M2 are activated by IL-4 and IL-13, and are of anti-inflammatory
and tissue reparative phenotype. Additionally, almost all tissues in the
body contain stationary macrophages that are believed to keep tissue
integrity. Macrophages function both as phagocytes and as APCs.
However, macrophages must first be activated before they express the
MHC class II molecules. Macrophages also release pro-inflammatory
cytokines such as IL-1, IL-6, IL-8, IL-12 and TNF-α, that are important in
the inflammatory process. In murine animal models, it has been shown that
macrophages are able to sample antigens from the gut lumen, and thereby
increase antigen presentation, which can have an effect in oral tolerance
(47).
Atypical APCs, recently studies have revealed that other cell types can
express MHC class II molecules, e.g., mast cells, basophils, eosinophils,
neutrophils, ILCs, endothelial cells, and epithelial cells, which suggest
antigen presenting function by those cells. They are referred to as atypical
APCs, and express MHC class II under certain conditions e.g., during
influence of IFN-γ (48). Whether these cells have the full antigen
presenting function remains to be evaluated.
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1.1.2.6 Innate lymphoid cells
Innate lymphoid cells (ILCs) are lymphocytes that arise from the same
progenitor as T and B cells, but unlike them, ILCs lack expression of
rearranged antigen receptor, and do not display antigen specificity. They
are a part of the innate immune system and are enriched at barrier surfaces
e.g., in mucosal surfaces like intestine and lung (49). Because of their
strategic location, ILCs are believed to have an important role in innate
immune response to bacteria, fungi, viruses, and preserve the surface
barrier integrity at mucosa sites (50). ILCs are divided into three subsets
ILC1, ILC2 and ILC3, depending on differential expression of
transcription factors, surface markers, function, and cytokines (51).
ILC1s produce IFN-γ and TNF-α, similar to Th1 cells. They are important
in the immune response to intracellular bacteria and protozoa. They are
also believed to be involved in chronic inflammation. Levels of ILC1s are
increased in intestinal biopsies from patients with Crohn’s disease (52).
ILC2s produce the Th2 cell associated cytokines IL-4, IL-5, IL-9 and IL13. ILC2s are involved in protection against helminth infections and
induce tuft cell hyperplasia in the parasite infected intestine (53).
ILC3s produce cytokines IL-17A, IL-17F, IFN-γ, IL-22 and express the
transcription factor RORγt, similar to Th17 cells. They also produce GMCSF and TNF-α. ILC3s are believed to have a role in lymphoid tissue
development, and to be important in the intestine for maintenance of the
epithelial barrier. IL-22 producing ILC3s are decreased in Crohn’s disease
patients (52).

1.2 Mucosal immune system
Mucosal membranes covers the gastrointestinal, respiratory, and
urogenital tracts. It is the first barrier between the external world and body
tissue. The function of the mucosal immune system in the gastrointestinal
tract is to protect the large surface area from invading pathogens. Further,
to maintain tolerance to commensal microorganisms and food antigens that
are present at the mucosal epithelial barrier. The gastrointestinal tract is
the largest reservoir of immune cells. Below follows a description of the
small intestinal mucosa and cells that are involved in the mucosal immune
system.
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1.2.1 The anatomy and function of small intestinal
The small intestine (SI) begins at the pylorus and ends at the ileocecal
valve, which is the entry point into large intestinal. The six to seven meter
long small intestine is divided into three sequential segments: duodenum,
jejunum and ileum. The duodenum is closest to the stomach and is about
25 cm, followed by the jejunum and then the ileum. The wall of SI is
histologically dived into four layers: 1) the mucosa facing gut lumen; 2)
the submucosa; 3) the muscularis and; 4) the serosa or adventitia. The
mucosa is the innermost layer. It is composed of a single layer of surface
epithelium facing the gut lumen and resting on a highly cellular connective
tissue, the lamina propria (LP). Beneath LP is a thin layer of smooth
muscle, muscularis mucosa. The SI mucosa is characterized by villi facing
the gut lumen and shallow crypts. Villi decrease in size from the proximal
to distal SI. Apart from the villous-crypt epithelium covering almost the
entire inside of the intestine, there is a specialized follicle-associated
epithelium (FAE) covering lymphoid follicles. The intestinal mucosa is the
outer barrier that separates and protects us from sometimes the hostile
outer world in the gut lumen. Majority of immunological processes take
place in the mucosa, which consist of many cells of the innate and adaptive
immune systems. Lymphocytes are found interspersed between epithelial
cells in the epithelium, so called intraepithelial lymphocytes (IELs). The
LP, which supports the epithelium, is a layer of connective tissue and
contains lymphocytes, plasma cells, monocytes/macrophages, mast cells,
DCs and eosinophils, fibroblasts and nerves of the enteric nerve system as
well as lymphatics and capillaries (54). The LP and epithelium form very
distinct immunological compartments. Below the muscularis mucosae lies
a layer of connective tissue called submucosa. The submucosa contains of
fibroblasts, mast cells, blood and lymphatic vessels, and a nerve fiber
plexus. Beneath the submucosa is a thicker muscle layer, muscularis,
consisting of two layers of smooth muscle. The adventitia or serosa is the
outermost layer of connective tissue, which separates the intestine from
the surrounding peritoneal cavity.
Lymphoid structures in the intestine are referred to as GALT (gut
associated lymphoid tissue), which comprise sub-epithelial lymphoid
aggregates that span through the mucosa to the submucosa. They are
important for initiation of the adaptive immune response, and are
characterized by an overlying FAE. GALT in the SI includes Peyer´s
patches (PPs), solitary follicles, diffusely spread immune cells in the LP
i.e., lamina propria lymphocytes (LPL), and IELs. The PPs are groups of
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lymphoid follicles mainly found in ileum. Solitary follicles are located
along the whole intestine. They do not occupy fixed positions, instead they
come and go depending on the conditions at a given time. The lymphoid
follicles contains a germinal centers with B cells and follicular dendritic
cells surrounded by T cells and DCs. Both PP and the solitary follicles are
inductive sites for specific immune responses (55).
The main functions of SI is to continue the digestive process initiated in
the stomach, and to absorb digested food. Enzymes produced in the
pancreas together with the bile produced in the liver, facilitates uptake of
proteins, carbohydrates, and lipid components. The surface of epithelial
cells in the SI is covered by a layer of microvilli facing the lumen. The
enzymes that are needed to digest dietary components are embedded in the
microvilli, as well as nutrient transporters. The microvilli on each cell
together with the long villi in the duodenum and jejunum, create an
enormous surface area that is necessary for complex processes of digestion
and absorption. Damage of the SI mucosa, e.g., during active CD, leads to
severe malabsorption, protein leakage, and malnutrition.
1.2.2 Intestinal epithelial cells
The single layer of intestinal epithelial cells (IECs) in the mucosa consists
of various cell types with absorptive and secretory function. Majority of
cells in the SI lumen are absorptive, called enterocytes. They are important
for the digestive and metabolic function. Three cell types belong to the
secretory IECs: goblet cells, Paneth cells and enteroendocrine cells. Beside
these four cell types described above, there are epithelial stem cells that
are essential for the renewal of the epithelium. Also there are some less
studied cell types, microfold cells (M cells) and tuft cells. The surface
epithelium in SI is continuously renewed by immature cells arising from
the crypts where multipotent stem cells give rise to all the different types
of epithelial cells. The different epithelial cell types are connected together
with tight junctions (TJs), containing proteins such as occludins and
claudins. TJs supports the polarity and regulates the permeability of the
epithelium (56).
Epithelial stem cells are located in the crypt bottom. They differentiate
either into Paneth cells or move upwards towards the villus and
differentiate into enterocytes, goblet cells or enteroendocrine cells (57).
The IECs that migrate upward are finally detached by shedding into the
lumen, which is a highly regulated and complex process that contributes
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to the gut barrier function (58). The proliferation rate of the stem cells and
migration rate of the differentiated cells depends on external factors, such
as hormones and growth factors. Almost all IECs are renewal within a
week, except Paneth cells and stem cells (55).
Enterocytes or columnar epithelial cells make up more than 80% of all
IECs in the SI. They are highly specialized for nutrient absorption.
Enterocytes carry an apical brush border, microvilli. The membrane of the
microvilli is rich in protein, cholesterol and glycolipids, and contains
digestive enzymes such as disaccharidases and peptidases. Enterocytes
produce also some AMPs (59-61).
Goblet cells progressively increase in frequency throughout the SI. They
secret protective mucins into the intestinal lumen, like mucin-2 (MUC2),
that creates a protective mucus layer also known as glycocalyx. The mucus
also provides a matrix to which Igs and AMPs can adhere. The production
of mucus is regulated by several immune mediators like IFN-γ, IL-9 and
IL-13 (55). The goblet cells also produce trefoil factors (TFFs), which
promote healing, migration and epithelial resistance to apoptosis (61).
They also produce the protease inhibitor SPINK4 and the antimicrobial
lectin ITLN1 (62).
Paneth cells are normally only found in the SI, where they are particularly
concentrated in the ileum. During chronic inflammation they can also be
found in the stomach and colon (63). Paneth cells are long lived
(approximately 30 days), and they stay at the very base of the crypts after
differentiating from stem cells (64). They are secretory cells, produce
several AMPs including human α-defensin-5 (HD5) and (HD6), and
lysozyme, secretory phospholipase A2, and regenerating islet-derived
protein IIIγ (REGIIIγ) released through stimulation of their PRRs. This
AMPs have a crucial antibacterial role in the innate immunity. Paneth cells
are also important for intestinal homeostasis by producing essential growth
factors for the stem cells, e.g., epidermal growth factor (pro-EGF), WNT3
and Notch ligands (55, 65).
Enteroendocrine cells represent a link between the central and enteric
nerve system through the secretion of numerous hormones that coordinate
gut function. There are several different subtypes of enteroendocrine cells
defined by their morphology and hormone expression. They are prevalent
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in < 1% of all IECs (66). Enteroendocrine cells may also interact with the
immune system through neuropeptides that they secret (67, 68).
M cells are concentrated in the FAE overlaying the luminal surface of
intestinal lymphoid follicles. They are specialized in sampling and
transport of luminal antigens to underlying APCs, which present the
antigen to adaptive immune cells (61). M cells are capable of both specific
receptor mediated antigen uptake and nonspecific uptake from the
intestinal lumen (69). Many intestinal pathogens use M cells for entry into
the body (55).
Tuft cells are chemosensory cells with extra-long microvilli projections on
the apical side. Under normal conditions there are very few tuft cells
present in the SI, however, during chronic inflammation and parasitic
infection they are increased in nubers in the mucosa (70). They are
believed to be involved in the innate immune defense against parasites, by
producing IL-25 and recruiting leukocytes (53).
In summary, the epithelium of the SI mucosa consists of several different
types of IECs with different roles and functions. Together the IECs
constitute the first lining toward the external environment in the lumen,
and are actively participating in the initiation and modulation of the
mucosal immune response. They secret and respond to variety of
cytokines/chemokines, and other immunomodulatory molecules. During
inflammation or infection the IECs can be induced to secret several
different cytokines like IL-1β, IL-8, IL-18, CXCL10, CX3CL and TNF-α,
that’s modulates appropriate immune response (62, 71, 72). IECs are
responsible of transport of dimeric IgA complexes produced by plasma
cells in the LP across the epithelial into the lumen. The transport of
dimeric IgA is mediated by the polymeric immunoglobulin receptor
(pIgR) on IECs, that transports dimeric IgA from the basolateral surface
to the apical face, lumen. The complex, dimeric IgA and pIgR, is
released by endoproteolytic cleavage forming the secretory IgA (SIgA)
complex. SIgA is important in protecting the mucosal surface by
trapping bacteria in the mucus layer and limiting access to the epithelial
surface (73). IECs express PRRs that can sense the external microbial
environment in the lumen, thereby regulating the intestinal homeostasis
(61). They are involved in activation of lymphocytes by expressing
classical MHC class I, nonclassical MHC class molecules MICA and
MICB, and butyrophilins, like BTN3A1 (62, 74). IECs can also express
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MHC class II molecules that can be induced by IFN-γ during
inflammation. Whether IECs have antigen presenting functions like
professional APCs is disputed, some in vitro studies have showed that
during the presence of IFN-γ, the appropriate machinery for antigen
presentation is expressed by IECs (48, 62).
1.2.3 Intraepithelial lymphocytes (IELs)
Intestinal IELs are strategically located in the epithelium in close contact
with IECs (9). IELs express CD103 (αE integrin), which interacts with Ecadherin expressed on epithelial cells and anchors IELs to IECs (9, 75).
They are of T cell lineage, and all subtypes of T cells seem to be
represented. Majority of IELs in the SI also express effector/memory
markers, suggesting previous antigen encounter (76). In addition, the IELs
are also a part of ETCM in the SI as indicated by expression of the enzymes
RAG-1 and RAG2 as well as the invariant TCR surrogate chain preTα (9,
10, 60). The main function of IELs is to regulate intestinal hemostasis by
protect the epithelium from pathogens and rapidly respond to infection.
They also regulate adaptive and innate immune response, and preventing
uncontrolled immune cell response that can damage the mucosal barrier
(75). Under normal condition there are approximately 15-20 IELs per 100
IECs in the SI, and during ongoing inflammation like CD, they are
significantly increased (9, 77). The majority of SI IELs are CD8+αβT cells,
60% and γδT cells, 30% (9). Normally circulating T cells and IELs express
the heterodimer of CD8, (CD8αβ), however a small portion of IELs in SI
express CD8αα. The role of CD8αα+ cells in humans is not fully
understood, but it is believed to promote cytokine production by IELs
without modulating lytic activity, and inhibit the IELs activation (75). The
IELs are cytotoxic and express granzyme A and B, perforin and FasL (78).
They also secret the cytokines IFN-γ and IL-17A (76). Most of IELs
express inhibitory and stimulatory NK cells receptors. IELs express the
inhibitory NK receptors NKG2A-CD94 and KLRB1 that mediate down
regulatory signals in the target cells (77, 79). During inflammation in CD,
expression of activating NK receptors NKG2C and NKG2D is increased,
which can lead to cytolysis, by binding to their ligands on epithelial cells
(79). In mice, IELs have been shown to have an anti-inflammatory and
protective role in restoring damaged epithelium, by producing IL-10, TGFβ and keratinocyte growth factors (75). Whether IEls have the same antiinflammatory and healing function in humans remains to be further
evaluated, but they have been shown to produce IL-10 and TGF-β1 (80).

17

1.2.4 The immune cells of lamina propoia
The LP and the epithelium are the effector sites of SI immune system.
Several different types of immune cells and lymphoid structures are
located in the LP, below the epithelium. The LP contains T cells, B cells,
plasma cells, ILCs, DCs, macrophages, eosinophils and mast cells. The
majority of T cells in LP express αβTCR together with either CD4 or CD8
and display an effector memory phenotype, while γδT cells are rare in LP
(54). The CD4+T cells of LP consist of several different subsets Th1, Th17
and Tregs (55). The CD8+ T cells in human LP have cytolytic effector
functions and are thought to contribute to the control of viral infections
(54). In addition, a small proportion of LP T cells are CD4+CD8+ (54).
Both type I and II NKT cells have been found in LP, especially in jejunum,
but at low frequencies (81). LP contains a large number of plasma cells
that secrete antibodies of two IgA isotypes, IgA1 and IgA2. The naïve B
arise in the PP, migrate through the lymph and blood circulation, and
eventually home to the LP. The maturation of naïve B cells into IgA
secreting plasma cells depends on DCs, CD4+Tcells, and TGF-β1, which
is considered to be an essential IgA switch factor. Many studies also
indicates that the gut microbiota effects the IgA secretion (82). All types
of ILCs can be found in LP, however, ILC3s are most abundant in SI (55).
DCs are distributed along the SI in LP, where they sample antigens, and
migrate to PP and mesenteric lymph nodes were they activate B and T
cells. The mucosal DCs can produce the cytokines IL-10 and TGF-β1 as
well as RA and IDO, which promote the differentiation of T cells into
Tregs (45). The DCs also regulate the induction of isotype class-switch to
IgA (46). LP contains a large number of intestinal macrophages that are
in close proximity to the epithelium. They are important for the intestinal
hemostasis by phagocytosis and degradation of pathogens, and dead tissue,
but they also produce anti-inflammatory and tissue reparative mediators.
In animal models, mice, it has been shown that CX3CR1+ macrophages
are able to sample antigens from the gut lumen and thereby increase
antigen presentation, which can have an effect in oral tolerance (47).
Eosinophils are present in LP and are believed to be important for tissue
repair both during normal conditions and inflammation. They may also
contribute to IgA class switch, by producing TGF-β1 (83). Mast cells are
also found throughout LP and are important for epithelial barrier integrity
and interaction with the local nervous system (55).
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1.2.5 Intestinal microbiota
The human body is colonized with enormous amounts of microorganisms
like bacteria, viruses and fungi. The colonization starts immediately at
birth, and maybe even before birth, and is associated with the mothers
microbiota, diet, environmental factors and antibiotic treatments (84). The
human genetics seems also to influence the microbiota composition (85).
The colonization of the intestine is essential for generating fully functional
immune system, production of essential vitamins and nutrients, and
metabolism, but also protects the host from pathogenic infections (86, 87).
The bacterial density as well as the composition of bacterial species varies
along the intestine. The colon is the most colonized area in the human
body, with approximately 1010 to 1012 microbial cells per millimeter of
contents, dominated by the phyla Bacteroidetes, and Firmicutes, but also
other phyla are observed like Proteobacteria and Actinobacteria (87). In
the SI the number of microorganisms is lower compared to colon, with
approximately 105 to 107 microbial cells per millimeter of contents. The
composition of bacterial species is also different, dominated by the phyla
Firmicutes, Proteobacteria and Actinobacteria, and lesser by
Bacteroidetes. The SI also has an adherent microbiota, dominated by the
genera Streptococcus and Neisseria (88).
Studies with germ-free (GF) mice have revealed that intestine commensal
microbiota is important for development, and regulation of innate and
adaptive mucosal immune system in the intestine. GF mice have less
developed and active GALT, compared to conventionally raised mice.
They also have lower levels of AMPs, fewer IELs, and thinner mucous
layer (89-91). The commensal microbiota influence the expression of pIgR
by IECs and enhances production of SIgA, which in turn contributes to
regulation of the composition of the microbiota (73). Antibiotic treated or
GF mice have a reduced number of Th17 cells, indicating that microbiota
have an important role in Th17 cell development, mainly Gram-positive
bacteria (92). Further studies have revealed that a single member of the
commensal microbiota known as segmented filamentous bacteria (SFB) is
a major contributor to Th17 cells phenotype, and can induce Th17 cells to
migrate into the SI of mice (93). The commensal microbiota have also
influence on Treg. In GF mice number and immunosuppressive function
of Tregs was decreased compared to conventionally raised mice (94).
Furthermore, certain commensal bacteria species, such as Clostridium
cluster IV and XIVa can induce the colonic Tregs in mice and prevent
development of inappropriate inflammation (95).
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In humans the commensal microbiota protects us from incoming
pathogens by competition for nutrients, competition for space or binding
sites, and direct inhibition through the release of inhibitory molecules (96).
The microbiota can also be changed by the influence of diet, environment
and antibiotic treatments. An imbalance in the intestinal microbiota
composition (i.e., dysbiosis) has been linked to several intestinal diseases
(97). The most obvious is Clostridium difficile infections that in the worst
case can result in pseudomembranous colitis and death. The treatment for
recurrent C. difficile colitis is transplantation of heathy fecal microbiota
(FTM). Around 94% of patients that received fecal transplantation were
cured from the disease, compared to antibiotic treatment, where only 31%
improved (98). Both in IBD and CD dysbiosis has been implicated as a
risk factor for contraction of this disease (88, 97, 99). Fecal samples from
humans with active IBD show a decrease in bacterial diversity and increase
of certain bacterial species including Enterobacteriacea, Pasteurellaceae,
Veillonellaceae and Fusobacteriaceae, as well as decrease of
Bacteroidales and Clostridiales (100).
1.2.6 Mucosal immune response and tolerance
Oral tolerance is defined as ability of orally administrated antigens to
suppress immune response, both locally e.g., in intestinal mucosa and by
systemic immune response (101). Mucosal tolerance in the SI constitutes
an important part in oral tolerance. The intestinal mucosa has a very
demanding task, it must protect us from pathogens and environment
toxins, but also control the immunological response, that it is not induced
against harmless or potentially beneficial antigens such as food and
commensal bacteria. The intestinal mucosa is exposed continuously to an
enormous amount of antigens, and the mucosal immune system relies on
several factors that regulates its response. Firstly, rapid movement of
intestinal contents through peristalsis that minimize the exposure time and
is regulated by enteric neuroendocrine system. Secondly, the physical
barrier of one-cell thick layer of IECs that are connected together with TJs
and interspersed IELs. The barrier is covered at the apical side of a
protective mucus layer containing mucins, AMPs and SIgA that traps,
neutralizes and prevents adhesion of pathogen (55, 73). Thirdly, the
commensal microbiota that provides extensive help by occupying binding
sites and secreting inhibitory molecules as well as being involved in
regulation of innate and adaptive mucosal immunity (96). Fourthly,
recognition of PAMPs by PRRs that expressed by IECs. The expression
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level of some PRRs is lower at the apical membrane compared to the
membrane at the basolateral side. This feature probably contributes to
tolerance of commensal non-invasive microbiota in the intestinal lumen
(102). Fifth, the mechanism of sampling and delivery of antigens from the
lumen for initiation of immune response and tolerance. M cells are
specialized for sampling and transport of luminal antigens to underling
DCs (61). Antigen uptake by DCs in the LP is believed to be important in
regulation the immune response and tolerance, since DCs both supports B
cells activation and IgA isotype class switch, and are involved in
differentiation of naïve T cells. During the normal condition steady state
when the antigen is harmless DCs induce differentiation of Tregs that
produce anti-inflammatory cytokines like IL-10 and TGF-β (103). They
are also believed to induce anergy or deletion of antigen-specific T cells
that can cause inflammatory responses (104). However, during infection
or inflammatory conditions DCs can induce differentiation of Th1, Th17
and CTLs (103). During the last years, the reports of CX3CR+ monocytes
that can sample antigens directly from the gut lumen have increased (47).
They are also believed to be involved in complex process of immune
response and tolerance like DCs (103). The CX3CR+ monocytes are also
involved in regulation of IL-22 producing ILC3s that are important for
mucosal healing, and maintaining barrier integrity (105).

1.3. Celiac disease
1.3.1 General overview of celiac disease
Celiac disease (CD) is a chronic small intestinal immune-mediated
enteropathy caused by permanent intolerance to the food antigen gliadin
in wheat gluten, and related proteins in barley and rye (106). CD is one of
the most common chronic childhood diseases, but can develop and occur
at all ages after the introduction of gluten. The classical symptoms in
young children are diarrhea, failure to thrive and malabsorption, however
more diffuse symptoms are becoming more frequently known (107). CD
affects at least 1% of the population in the Western world, but there is
evidence to suggest that the majority of affected individuals are
undiagnosed, since they have mild and diffuse symptoms (108, 109). The
development of CD is believed to be multifactorial, genetically susceptible
individuals together with unknown environment factors develop an
immune response against gluten in the SI (107). In CD patients, intake of
gluten causes an inflammatory lesion in the SI, characterized by villous
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atrophy and crypt hyperplasia and increased numbers of T cells both within
the epithelium (i.e., IELs) and the LP. Both innate and adaptive immune
reactions seem to take place in the SI mucosa in active CD, and CD has
many features of an autoimmune disease (110). The T cells response in LP
and epithelium plays a central role in the pathogenesis of CD, but still, the
exact pathogenesis of the disease is unknown. Both IECs and dysbiosis are
emerging as potential contributors to CD pathogenesis (62, 88). The only
effective treatment presently for CD is lifelong adherence to a gluten free
diet (GFD).
1.3.2 Genetic factors
CD is a multifactorial disease with a strong genetic association illustrated
by higher incidence among relatives of CD patients. The prevalence of CD
is around 10% in ﬁrst-degree relatives and a 75% concordance in
monozygotic twins (111). Almost all CD patients are carrying the MHC
class II alleles for human leukocyte antigen (HLA)-DQ2 and/or -DQ8, and
carrying at least one of these is a prerequisite for contraction of the disease.
These genes are mainly expressed on APCs (112). More than 90 % of CD
patients are DQ2 positive and reaming are DQ8 positive (113). However,
up to 40% of the general population also expresses HLA-DQ2 and/or
HLA-DQ8, eat gluten and still do not develop the disease. Indicating that
other genetic factors must also be associated with CD (110). It has been
estimated that the HLA genotype only contributes to about 40% of the
genetic susceptibility. Genome-wide association studies have shown 39
non-HLA regions associated with the disease (114, 115). Many of the nonHLA regions code for genes that are involved in immunological functions,
like T cells development in thymus (THEMIS), cytokines, chemokines and
their receptors (IL18RAP and IL-21), and T- and B-cell co-stimulation
(114). Many of these genes are involved in the IFN-γ-production gene
pathway (110). These insights into genetic risk factors provides us with
some better understanding of the complex pathogenic mechanisms in CD.
1.3.3 Clinical manifestation
CD has a heterogeneous clinical presentation with intestinal and/or extraintestinal manifestations or even without any symptoms. The classical
signs and symptoms are predominantly seen in youngest children (116).
Older children and adults present more non-classical symptoms, including
anemia, iron deficiency, neurologic findings, thyroid dysfunction, pubertal
delay, dermatitis herpitiformis, fatigue, tiredness, bloating, female
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infertility and headache (117, 118). During the last years the diagnosis and
presentation of CD have shifted towards older ages, making the nonclassical symptoms more common (118, 119). Further there are
asymptomatic CD patients that are diagnosed through screening programs
by a positive serology, but many lack histological changes (116). CD is
about twice as common in girls compared to boys (119). Several other
autoimmune and genetic diseases are also associated with CD (117). These
heterogeneous clinical presentation with classical, non-classical and
asymptomatic patients complicates and many times delays the diagnosis
of CD. Because of this, CD is often described as an iceberg, where all
detected cases are visible above the waterline and the unrecognized cases
below (120).
1.3.4 Diagnosis
The diagnostic procedure for CD have changed over time. Today, the
diagnosis is often based on symptoms and positive serological markers
with or whiteout duodenal biopsies (106). During the progression of CD,
specific antibodies of IgA and IgG isotypes are produced against the
autoantigens tissue transglutaminase (tTG), endomysium i.e., endomysial
antibodies (EMA), and antibodies against the food antigen, both the native
form of gliadin, anti-gliadin antibodies (AGA), and the deamidated form
of gliadin peptides (DGPs). IgA-AGA was the first serology marker for
CD, but due to low specificity and sensitivity other serology markers are
used in clinic. However, IgA-AGA can still be used in younger children
(121). Tests for tTG-IgA or EMA-IgA are today recommended, both of
which have sensitivity and specificity between 95-99% (106, 121).
Further, around 2% of CD patient have IgA deficiency, total IgA
concentration should be included with serology. For patients with IgA
deficiency, IgG-tTG, IgG-EMA and IgG-DGPs can be tested instead
(107). Small intestinal biopsies are often required to confirm the diagnosis
of CD and are considered gold standard for diagnosis (122). The biopsies
are captured with gastroscopy. The recommendations are that at least four
biopsies should be taken from second/third portion of duodenum, and at
least one biopsy should be taken from the duodenum bulb (106). Multiple
biopsies are recommended due to the fact that many patients have patchy
villous atrophy (107). The histological pathology of the small intestinal
mucosa is classified according to modified Marsh-Oberhuber
classification, see Table 1, based on number of IELs, grade of crypt
hyperplasia and grade of villous atrophy (106, 123-125).
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Table 1. The modified Marsh–Oberhuber classification
Marsh Type
IEL count *
Crypts

Villi

0

<30

Normal

Normal

1
2
3a
3b
3c

>30
>30
>30
>30
>30

Normal
Hyperplasia
Hyperplasia
Hyperplasia
Hyperplasia

Normal
Normal
Mild atrophy
Moderate atrophy
Total atrophy

IEL, intraepithelial lymphocyte.
*Number of intraepithelial lymphocytes per 100 enterocytes.

In 2012 the diagnostic criteria for CD were revised and established by the
European Society for Paediatric Gastroenterology, Hepatology and
Nutrition (ESPGHAN), due to better understanding of the pathological
process and the introduction of the serological test for IgA-tTG. The new
guidelines defined two groups of pediatric CD patients: group 1, children
with classical and non-classical symptoms of CD, and group 2, children
that are asymptomatic, but with an increased risk of developing CD. Group
1 is diagnosed based on positive serology and histology, consistent with
CD. In cases of high levels of anti-tTG (>10 times the upper limit of
normal) the requirement of a biopsy is not mandatory and can be
substituted with laboratory testing of EMA or HLA- typing. In group 2,
the diagnosis is based on positive serology and histology. Typing for HLADQ2 and HLA-DQ8 is a useful tool to exclude CD (106). Patients should
eat a gluten containing diet before their test (10 g gluten per day for 18
days), to ensure that the serological and histological results are not affected
by GFD (107). However, the non-biopsies approach in group 1 have been
questioned, due to the consequence of lifelong commitment to GFD. In
adults a combination of CD serology testing and duodenal is still required
for diagnosis of CD (107).
1.3.5 Pathogenesis
Intake of gliadin in wheat gluten, and related proteins in barley and rye is
a prerequisite for development of CD. The gluten proteins can be divided
in two fractions, prolamines and gluteins. The prolamines contains high
fractions of the amino acids proline and glutamine, and are the toxic agent
in gluten. The prolamine in wheat is gliadin, in barley hordein and in rye
secalin. Another, more distantly related prolamine is avenin in oats.
Avenin contains lower amount of proline, than gliadin, hordein and
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secalin, and is consider less immunogenic (116, 126). These proline and
glutamine enriched peptides are incompletely digested by gastric,
pancreatic and micro-villus peptidases, leaving up to 33 amino acids long
positively charged peptides in the SI lumen (127). In genetically
susceptible individuals, these undigested peptides can induce an immune
response both within the epithelium and LP. There are several hypotheses
that describes the mechanism how fragments of gliadin can pass through
the epithelial barrier into LP, both paracellular and transcellular pathways
are suggested (128, 129). Increased epithelial permeability has also been
proposed in pathogeneses of CD, barrier forming TJ proteins claudins are
down-regulated, while channel-forming claudins are up-regulated during
active CD (129). In LP, the gliadin fragment undergoes enzymatic
modification i.e., deamidation, by the enzyme tissue transglutaminase 2
(TTG). During deamidation the positively charged amino acid glutamine
is modified into a negatively charged glutamic acid. The deamidated
peptide is more immunogenic, and has increased affinity to the HLA-DQ2
and HLA-DQ8 molecules on APCs (110). The gluten peptides are then
presented by APCs to specific gluten-reactive CD4+T-cells in the LP,
which triggers an immune response that results in increased expression of
pro-inflammatory cytokines IFN-γ, IL-17A and IL-21, and downregulatory cytokines IL-10 and TGF-β1 (130, 131). During the immune
response in LP, B cells are activated and number of plasma cells are
increased. Antibodies are produced both against self molecules and nonself molecules, giving CD features of an autoimmune disorder (131).
Gluten specific CD8+T cells are also involved in the pathogenies of CD,
and many of them are strategically located in the epithelium. The
CD8+IELs are the main source of IFN-γ, IL-17A and IL-10 during active
CD (21, 132, 133). During pathogeneses of CD the number of IELs are
increased, and they express the NK-receptors NKG2C and NKG2D, which
recognize stress induced MICA and MICB, and HLA-E expressed on the
surface of IECs (107). Generating an innate immune response in the
epithelial compartment (77). Locally produced IL-15 is believed to
contribute to the immunological reaction within epithelium (107). Both
innate and adaptive immune reactions seem to take place in the small
intestinal mucosa in active CD, giving the inflammatory response the
characteristics of increased number of IEL, crypt hyperplasia and villous
atrophy. However, it is not clear how these two processes interact with
each other.
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1.3.6 The Swedish epidemic of celiac disease and environment factors
Sweden experienced an epidemic of CD in children below 2 years of age
between 1984 and 1996 with a 4-fold increase in incidence within less than
5 years, and a decline a decade later. This period was later termed “the
Swedish epidemic of celiac disease” (134). This has been studied
thoroughly, and four main hypotheses were presented to explain the
epidemic: 1) the amount of gluten given during introduction of dietary
wheat to infants; 2) the protective function of breastfeeding against
intolerance to food antigens; 3) multiple infections in infancy and early
childhood and; 4) Dysbiosis in the SI microbiota. Two years before the
epidemic, new national recommendations for infant feeding modes were
made, that resulted in increasing the amount of gluten during introduction
whiteout protection of breastfeeding (135). However, new large
multicenter studies have not find any convincing evidence that
breastfeeding habits or the timing, or dosing of gluten during the
introductory phase are relevant for CD development (136, 137). Another
recent study, however, showed that the amount of gluten consumed before
2 years increases the risk for developing CD in genetically susceptible
children (138). The third hypothesis suggests that CD is associated with
infections. Thus, repeated early infections in children seem to increase the
risk of contraction of CD (139, 140). Virus infections may be involved in
the pathogenesis of CD. In a recent published study, reovirus were reported
to disrupt the intestinal immune homeostasis through interferon regulatory
factor 1 (IRF1), inducing loss of tolerance to dietary proteins antigens
(141). There is some support also for the fourth hypothesis that CD is
associated with dysbiosis of the SI microbiota. During the Swedish CD
epidemic, rod-shaped bacteria were often found adherent to the epithelium
of the SI mucosa of children with CD, but not in controls, and rarely in
biopsies of CD patients from later periods (60, 88). Composition of SI
microbiota is also altered in both adult and pediatric CD patients compared
to controls (88, 142, 143). Further, increased leaves of AMPs, and altered
composition of the mucus layer is seen in CD patients, indicating an
antibacterial response by the IECs (60). Thus, the amount of gluten
consumed, infections, and dysbiosis, seems to be involved in the complex
pathogenies of CD. The recommendations today in Sweden is to introduce
gluten-containing products between 4-12 months, in small successively
increasing amounts.
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1.3.7 Celiac disease associated bacteria.
During the Swedish epidemic of celiac disease rod-shape bacteria were
detected by scanning electron microscopy in proximal SI in 20-40% of
children with CD, but not in controls (60). Thus, rod-shaped bacteria were
overrepresented in CD. These bacteria have been isolated from SI biopsies
of CD patients and classified as, Lachnoanaerobaculum umeaense, a new
species in a new genus Lachnoanaerobaculum, three species within the
genus Prevotella, Prevotella jejuni (a novel species), P. histicola and P.
melaninogenica, and Actinomyces graevenitzii (88, 144, 145). These CDassociated bacteria were shown to induce an IL-17A response in ex vivo
challenged biopsies of treated CD patients (21).
1.3.8 Treatment
Currently, the only available treatment for CD is to follow a lifelong strict
GFD. Improvement and resolution of gastrointestinal symptoms typically
occurs within weeks on GFD (146). Normalization of antibody titers, IEL
numbers and recovery of the mucosa, takes longer, between 6 and 24
months in children and up to 5 years in adults (106, 147). Adhering to a
GFD is also of importance to reduce the risk of developing associated
diseases and nutritional deficiencies due to the chronic inflammation in the
small intestine (107). GFD also has several difficulties, gluten-free
products are more expensive, and the diet may be challenging both socially
and psychologically (107, 118). From a nutritional point of view, the GFD
cannot be regarded as a healthy diet. Gluten-free products are low in fiber,
vitamins and minerals. They also usually contain high amounts of sugar,
which could result in obesity and increased risk for cardiovascular diseases
(148). In recent years several studies on GFD containing oats have been
investigated and the results are conflicting (126, 149).
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2. AIMS
The aim of this thesis was to understand the mechanism(s) of the
immunopathology in the duodenal mucosa of patients with active CD, in
particular the reaction in the epithelium. Further, to evaluate whether CD
associated bacteria are risk factors for CD and/or contribute to the
reaction, and whether oats in the diet evokes an immune reaction in the
SI mucosa of CD patients.
The specific aims are:
 To understand the immune defense at the epithelial lining of the
SI. Further, to examine the crosstalk between IECs and IELs in
CD patients with active disease and its contribution to
pathogenesis of CD.


To characterize the CD associated bacteria and their binding to
IECs. Further, to study their effects on epithelial permeability and
gene expression, to elucidate how dysbiosis could contribute in
contraction and pathogenesis of CD.

 To determine whether oats in the gluten free diet is safe for CD
patients, by investigating whether it elicits an inflammatory
response in the intestinal mucosa of CD patients or not.
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3. METHODOLOGICAL CONSIDERATION
In this section a brief overview of the material and methods applied in this
thesis are presented together with rationales and comments. For a more
detailed description of the material and methods please see paper I-IV.

3.1 Clinical material (Paper I and IV)
Biopsies were taken from the distal duodenum/proximal jejunum using an
endoscopic procedure, or by Watson pediatric capsule. Part of the biopsy
was used for routine pathology examination and the rest was used in these
studies. For gene expression analyses at the mRNA level, total RNA was
extracted from whole biopsies (Paper I) or from isolated IECs, IELs and
short-time enteroid cultures (Paper IV). In Paper IV biopsies were
immediately placed in ice-chilled HEPES-buffered RPMI1640 and used
for isolation of IECs, isolation of CD3+IELs, isolation of crypts for
enteroid culture, or frozen for immunohistochemistry and
immunofluorescence. In Paper I, paired whole duodenal biopsies, before
and after > 11 months on GFD, were collected from children with CD
enrolled in the trial to either of two study-groups, standard GFD (GFDstd) and oat-containing GFD (GFD-oats) (150). The clinical controls were
biopsies collected on suspicion or exclusion of CD, with no veriﬁed food
intolerance and a normal small intestinal histology (Marsh score 0). In
paper IV, patients belonged to one of the three diagnostic groups: untreated
CD, children with active disease; treated CD, children with CD who had
been on a GFD for more than 5 months and; clinical controls, children with
no known food intolerance and a normal small intestinal histology (Marsh
score 0).

3.2 Isolation of IECs (Paper IV)
IECs were isolated by positive selection from cell suspensions of fresh
duodenal biopsies using a slightly modified procedure of that previously
described (60, 62). The isolation procedure is based on four steps: 1)
dithiotreitol (DTT) treatment to remove and dissolve residual mucus, and
other debris; 2) collagenase treatment to releases epithelial cells from the
basal lamina; 3) depletion of leucocytes and sticky cells by treatment with
paramagnetic beads charged with anti-CD45 monoclonal antibodies
(mAbs) and; 4) positive selection using magnetic beads charged with
BerEP4, a mAb that is specific for an antigen expressed on the cell surface
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of IECs. With this technique, we achieved a good yield of IECs with a high
purity for gene expression analysis.
Collagenase treatment: There are two main reasons why we used
collagenase treatment for isolation of IECs. Firstly, it is difficult to get
good yields of crypts from biopsies of CD patients with active disease
since they have enlarged crypts with hyperplasia, while the yield of crypts
is good from controls since they have a normal mucosa with short crypts
(123, 124). Secondly, by using EDTA instead of collagenase treatment
there is a risk of losing information from IECs in the villous/luminal
epithelium, since EDTA treatment for detachment of IECs gives an
overrepresentation of IECs derived from the crypts (59). EDTA causes
detachment of IECs from the basal membrane by binding intracellular
Ca2+ ions, i.e. by changing IEC function, there is a risk that gene
expression is affected by the EDTA treatment.
IECs yields: During the positive section procedure using magnetic beads
charged with BerEP4, we used a large excess of beads relative to epithelial
cells in order to obtain all/the majority of the IECs. The magnetic beads
were not removed before RNA extraction, due to the risk of loss of cells.
It is therefore difficult to obtain accurate measures of cell yields by
conventional methods like cell-counter flow-cytometry or manual Bürcher
chamber counting. In addition these methods consume a substantial
amount of cells. Therefore, we instead estimated the cell yields from the
amount of 18S rRNA in total RNA extracted from the samples as
determined by real-time quantitative RT-PCR. In each 18S rRNA qRTPCR run a standard-curve was constructed from signals of serial dilutions
of an external RNA standard. The standard consists of total RNA extracted
from polyclonally activated peripheral blood mononuclear cells. Dilutions
of the RNA-standard were run in parallel with the IEC samples in each
run, and the concentration of 18S rRNA in the samples determined from
the standard-curve of that run (151). The total amount of 18S rRNA
extracted from the IEC samples was calculated from the concentration
determined by qRT-PCR and the volume of the extract. Amounts of 18S
rRNA is expressed as units with one unit defined as the signal from 10 pg
of the RNA-standard. In a previous study analysis of over 100 human IEC
samples showed that the amount of 18S rRNA per IEC is approximately 1
unit (59). The amount of 18S rRNA per IEC is constant from small and
large bowel of normal and inflamed mucosa (59). Based on this knowledge
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we used the amounts of 18S rRNA as approximate estimations of cell
yields.
IECs purity: The purity of IECs was determined by using hybridization
bead array. It showed that contamination of IECs by leukocytes was very
low. T cells were the main contaminants. The signals of T cell markers
(CD2, CD3D, CD3E, CD3G, CD4, CD5, CD8, and CD247) were all below
10% of the respective signal in CD3+IELs. Markers of B cells (CD19,
CD20, CD22), plasma cells (CD34), NK cells (CD56), granulocytes
(CD15) and monocytes/macrophages/dendritic cells were all below 20
arbitrary units (AU), with the exception of CD14 (158 AU) and CD40 (83
AU).

3.3 Human intestinal epithelial cell polarized tight
monolayers of T84 cells (Paper III-IV)
CD is a chronic small intestinal immune-mediated enteropathy and it
would be preferred to have a SI epithelial cell line to study in vitro.
However, there is no suitable SI epithelial cell line that can form polarized
tight monolayers, even if some attempts have been done with small
intestine-like colon carcinoma cell line HT29 and human fetal small
intestine cell lines FHs74int, confluent monolayer with a high
transepithelial electrical resistance were not obtained. The polarized, tight
monolayers of T84 cells is presently one of the best, established in vitro
models for investigating human intestinal epithelium interactions with
bacteria and cytokines. T84 monolayers show great resemblance to normal
intestinal epithelium due to that they are polarized, connected by tight
junctions, form microvilli, preferential express a dominating glycocalyx
component, carcinoembryonic antigen, at the apical side, and even harbor
cells that have differentiated into goblet cells yielding the possibility of
production of secreted mucins (99). It is less informative to use cells in
ordinary tissue culture because the cells of the intestinal epithelium are
polarized with regulated sorting of surface molecules, some to the apical
side and some to the basolateral side. This means that usage of ordinary
tissue culture cells, instead of tight monolayers, might record responses
that cannot reflect in vivo settings unless the bacterium has invaded the
tissue or the cytokine reaches the epithelium from the luminal side, which
is normally not the case. The tight monolayer model lends itself to
selective challenge of the epithelial cells from the apical side in accordance
with bacterial attack from the gut lumen and cytokine stimulation from the
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basolateral side in accordance with cytokine secretion by IELs and
immune cells in the LP.

3.4 Gene expression (Paper I, III-IV)
Several different techniques were used to determine and verify the
expression of genes at the mRNA level. Comparative analysis of the
expression levels of different mRNAs were performed by Illumina
genome-wide gene expression hybridization bead array technology, realtime quantitative Reverse Transcriptase-Polymerase Chain Reaction
(qRT-PCR) and real-time quantitative PCR array (qPCR array).
3.4.1 Gene expression analysis using genome-wide hybridization bead
array (Paper III-IV)
In order to understand the role of IECs and CD associated bacteria in the
immunopathology of CD. We focused on genes that showed increased
expression both in active CD and in bacteria challenged T84 polarized
tight monolayers. Four samples of purified IECs from duodenal mucosa of
CD patients with active disease, 4 samples of purified IECs of clinical
controls, as well as T84 polarized tight monolayers challenged with
bacteria or sham-treated were individually subjected to genome-wide
hybridization bead array analysis for gene expression. The Illumina gene
expression array technology uses silica beads as array elements. The beads
are introduced randomly to the surface of a slide-sized silicon substrate
with ordered microwells. Gene-specific oligonucleotides (oligos) are
covalently attached to beads, which consist of an address sequence and
probe sequence. The address is used to map and decode the array, while
the probe is used for quantification of transcript expression levels. Each
bead carries more than 100.000 identical oligos and is represented on
average 25 to 30 times on the chip (152). All samples were prepared
according protocol of the Illumina Totalprep RNA Amplification Kit. Here
comes a brief description of the procedure. Total RNA is reverse
transcribed into cDNA by using an oligo-dT primer. The oligo-dT primer
binds to the poly-A tail that is only present on mRNA, hence, only coding
RNA is transcribed into cDNA. This is followed by cDNA purification, in
vitro transcription to cRNA, amplification of cRNA, and finally cRNA
purification. The in vitro transcription step incorporates biotin-labeled
nucleotides. Thus, the output of this step is biotin-labeled cRNA. The
labeled cRNA is then hybridized to the oligo probes on the beadchips and
stained with streptavidin-Cy3. Finally, fluoroscence emission by Cy3 is
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quantitatively detected by Illumina Beadstation. Sentrix HumanRef-8_v3
expression BeadChip (more than 18,000 annotated genes with more than
25,000 probes) were used to analyze IECs samples. HumanHT-12 v4
BeadChip (more than 31,000 annotated genes with more than 47,000
probes) were used to analyze T84 tight monolayer samples. The purity of
total RNA and cRNA were determined by measuring optical density at 260
nm (OD260) and OD280 in a NanoDrop. The integrity of cRNA was
determined by agarose gel analysis (Bioanalyser). The raw data was
analyzed using Illumina Beadstudio software (version 3.1). Background
was first subtracted from the data and then normalized using Beadstudios
cubic spline algorithm. Significant differential expression was calculated
using Beadstudio software by applying Illumina Custom algorithm. Raw
and analyzed data-files from hybridization bead array were submitted to
Gene Expression Omnibus (GEO) DataSets (www. ncbi.nlm.nih.gov/geo).
To avoid selecting genes with high fold change due to low signal intensity
a minimum signal intensity value of ≥ 15 AU in the group of CD patients
with active disease. Signals of controls that gave negative values were
assigned a value of 0. When medians of controls became 0 they were
assigned a value of 0.01. Relative quantity (RQ) was calculated as the
median signal value of CD patient group through the median signal value
of the control group. The analysis was focused on upregulated genes.
Therefore, potentially down-regulated genes were excluded. Only genes
with an RQ ≥ 1 were included in data analyses performed to find
appropriate cut-offs for RQ and signal strength. We had trouble to find any
good cut-off values for RQ in literature, therefore, we preformed statistical
analysis by two-sided, Mann-Whitney U-test, to define a valid cut-off for
our data (Paper IV). Real-time qRT-PCR was used for verification of
microarray data.
3.4.2 Gene expression analysis using real-time qPCR-array (Paper IV)
The qPCR-array was used for screening for genes upregulated in active
CD as a complement to hybridization bead array. The purity of total RNA
were determined by measuring OD260 and OD280 in a NanoDrop, both
for qPCR-array and qRT-PCR. Individual cDNA libraries were generated
from IEC samples of patients with active CD, patients with treated CD and
clinical controls. The cDNA libraries were generated by reverse
transcription of total RNA using random hexamers as templates for reverse
transcription with the Superscript Vilo cDNA Synthesis Kit. Random
hexamers gives random coverage to all regions of the RNA to generate a
cDNA pool containing various lengths of cDNA. Random priming is
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incapable of distinguishing between mRNA and other RNA species
present in the sample. Real-time qPCR-array plates were custom designed
with Taqman Gene Expression Assays for mRNAs of chemokines and
their receptors. In both qPCR-array and qRT-PCR, the PCR primers anneal
to different exons and the reporter dye-marked probe anneals to the exon
boundary in the amplicon in order to eliminate signals from contaminating
DNA. Each array included qPCR for 18S rRNA as housekeeping gene.
The qPCR was run for 40 cycles and the highest CT-value for a gene
considered positive was 35. mRNA concentrations were normalized to
the18S rRNA concentration in the sample by calculating ΔCT between the
CT for the mRNA species and the CT for 18S rRNA in the same sample
(CTmRNA of interest - CT18S rRNA). Results are given as ΔCT or relative quantity
(RQ) calculated as 2(-ΔΔCT) where ΔΔCT is the ΔCT for the sample minus
the median ΔCT-value for the IEC samples of clinical controls.
3.4.3 Gene expression analysis of total RNA using real-time qRT-PCR
(Paper I, III-IV)
To verify the microarray data real-time qRT-PCR based on TaqMan EZtechnology was used. In the EZ-technology sequence-specific primer
binds to a specific mRNA and transcribed it to specific cDNA and
thereafter are directly amplified by real-time quantitative PCR. It is a onestep procedure compared to real-time qPCR-array, where a cDNA library
must be first generated by using random hexamers. Sequence-specific
primers are useful for determination of small amounts of mRNA in an
excess of unrelated mRNA (153). The qRT-PCR was run in triplicate for
each IEC sample with 45 cycles in the qPCR step. For samples with a CTvalue of 35 or higher the CT-values in the triplicate should have a variety
of maximum 15% for the sample to be considered positive. The mRNA
concentrations were normalized to the18S rRNA concentration in the same
sample by calculating the ΔCT between the CT for the mRNA species and
the CT for 18S rRNA and results are given as RQ calculated as 2(-ΔΔCT)
where ΔΔCT is Δ CT for the sample minus the median of the ΔCT values
of the IEC samples of control patients, sham-treated enteroids and shamtreated tight monolayers, respectively. Each reaction mixture contained
total RNA corresponding to a minimum of 25 U 18S rRNA units.
The real time qRT-PCR was chosen for gene expression validation for
several reasons: 1) one-step procedure, reducing possible errors and
contamination; 2) levels of the gene were determined in triplicate for each
sample; 3) all samples, if possible, were analyzed in the same qRT-PCR
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run giving reliable comparisons and minimizing risk for any differences
due to technical differences between runs and; 4) by using sequencespecific primer the mRNA of interest is specifically transcribed to cDNA
from the total RNA sample in the reaction mixture. That gives very high
sensitivity and good chances of detecting mRNAs present in low amounts.
3.4.4 18S rRNA is a reliable normalization gene (Paper I, III-IV)
The expression profile of a target gene depends on the amount of starting
material, i.e. total RNA, which can differ between samples and
experimental conditions. This is especially relevant when the samples have
been obtained from different individuals, and will result in
misinterpretation of the results. Therefore, it is of great importance to have
a stable housekeeping gene, which amounts of mRNAs in the samples can
be normalized against. Features of an ideal housekeeping gene should be:
expressed at a constant level in cells regardless of activity state; similar
levels in different cell-types and tissues, and; unaffected by experimental
conditions. There are three commonly used housekeeping genes that are
used for normalizing qRT-PCR data, -actin (ACTB), glyceraldehyde-3phosphate dehydrogenase (GAPDH, G3PDH), and 18S rRNA. However,
several studies have reported that levels of ACTB and GAPDH are highly
variable among cell types, during cell differentiation and inflammation
(151, 154). 18S rRNA on the other hand had shown to be stable for IECs
from small and large intestinal of normal and inflamed human intestinal
mucosa, and in infected epithelial cells (59, 154). These studies indicates
that 18S rRNA is a stable housekeeping that can be used for normalization
of mRNA expression levels.

3.5 Gene expression analysis at the protein level (Paper IV)
Both immunohistochemistry (IHC) and two color immunofluorescence
staining (IF) was conducted for gene expression analysis at the protein
level. IHC and IF with the different antibodies was performed in three
independent experiments, each with 3 CD patients and 3 clinical controls.
Tissue sections of a CD patient and a clinical control were placed next to
each other on the slide, both sections enclosed by one paraffin-ring.
Antibodies and other reagents were then added in one droplet covering
both sections in order to obtain identical conditions. The same camera
settings were used for capture of microscopic images comparing CD
patients and controls.
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Both methods have pros and cons: 1) IHC detection requires the addition
of a precipitating enzyme substrate at the end of the staining protocol. In
contrast, IF detection does not require any enzyme-mediated reactions that
add additional steps to the protocol. Enzymes are sensitive to neutralizing
antibodies, pH, and buffer constituents. IHC detection usually requires
more optimization; 2) IHC tissue samples are stable and can be stored and
analyzed for years, while IF samples must be mounted with an anti-fade
compound to stabilize fluorescence and analyzed whitin in weeks; 3) when
analyzing several antigens at the same time, IHC is more complicated, time
consuming and difficult to evaluate, because deposition of the first stain
can mask the second antigen and; 4) the morphology of the tissue is usually
much better when using IHC, since stable contra staining is used in this
method.
The principal behind both methods is detection of antigens using antibody.
The antibodies may be polyclonal or monoclonal (mAbs). Polyclonal
antibodies are mixture of Igs that are derived from many different B cells,
and recognize different epitopes on the same antigen. mAbs are identical
Igs that are derived from a clone of B cell, and recognize a specific epitope
on an antigen. There several factors that need to considered when choosing
polyclonal or monoclonal antibodies: 1) availability, mAbs are less
available on the market; 2) mAbs have high homogeneity and minimal
batch-to-batch variation. Making them optimal when investigating
different members of a protein family and analyzing protein-protein
interactions and; 3) the heterogeneity of polyclonal antibodies, can make
them more specific for an antigen, since they can detect different epitopes,
and they are usually more stable under different conditions.

3.6 Flow cytometry (Paper II-III)
Assessment of binding of CD associated bacteria to intestinal epithelial
cells in vitro was done by using a dual-fluorescence flow-cytometry
method. Flow-cytometry is a powerful tool for analyzing bacterium-host
cell interaction, particularly if fluorophores that do not affect the property
of the bacteria or epithelial cells are used. The lipophilic dyes PKH-2 and
PKH-26 have been used successfully to label mammalian cells and
bacteria. These dyes are stable, nontoxic and do not affect the functional
properties of cells. They diffuse into the cell membrane lipid bilayer rather
than the binding to cell surface or intracellular proteins (155, 156).
Conventionally, flow-cytometry-based binding assays depend on a single
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fluorescent label. These assays depend on fluorescently labelled
microorganisms to estimate the binding of these organisms to eukaryotic
cells; the eukaryotic cells are detected by their light-scattering properties.
However single label assays can have the following disadvantages: 1)
aggregates of labelled bacteria can mimic host-cell light scattering and; 2)
host cells binding large numbers of bacteria can change scatter properties.
Dual labeling reduces these drawbacks (156).
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4. RESULTS AND DISCUSSION
The intestinal mucosa has a very demanding task, it must protect a large
area from invasive and non-invasive pathogens and noxious components,
and at the same time control the immunological system to prevent immune
reactions against harmless or potentially beneficial antigens such as food
and commensal bacteria. In CD an immunological response is induced
against the normally harmless food antigen gliadin in wheat gluten and
related proteins in barley and rye. Both innate and adaptive immune
reactions seem to take place in the SI mucosa in active CD. Antibodies are
produced against both self- and non-self molecules, giving CD features of
an autoimmune disorder. Immune cells, and in particular the T cells have
long been recognized in the pathogenesis of CD. However, little is known
about IECs involvement. In the SI mucosa, IECs with the apical side facing
the gut lumen are the first cells that are exposed to food antigens and
components of the microbiota. In this thesis we investigated the role of
IECs in the immune pathology of CD, by comparing IECs from duodenal
mucosa of children with active CD, treated CD, and clinical controls. We
also investigated the role of CD associated bacteria and oat supplemented
GFD on the immune status in the intestinal mucosa of CD patients.

4.1 Oats may cause a low grade inflammation in the
intestinal mucosa of treated CD patients
Currently, the only available treatment for CD is lifelong strict GFD. From
a nutritional point of view, the GFD cannot be regarded as a healthy diet.
Therefore, it would be desirable to supplement the GFD with oats, since
the grain has a desirable nutrient content. In recent years several studies on
GFD containing oats have been investigated and the results are
controversial, regarding clinical parameters and histology (149, 150, 157,
158). However, there are only few studies on the local immune status of
intestinal mucosa of CD patients consuming oats. In Paper I, we
investigated the immune status in duodenal biopsies of a subgroup of
children that were in a randomized, double-blinded study (150). These
previous study showed that children with CD tolerate oats, based on
autoantibody titers and small intestinal histology (150). Paired SI biopsies,
before and after > 11 months on a GFD, were collected from children with
CD enrolled in the trial to either of two study-groups, GFD-std or GFDoats. In Paper I, a total of 22 different mRNAs for immune effector
molecules and TJ proteins were used as indicators of ongoing mucosal
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inflammation. They were determined by real time qRT-PCR in RNA
extracted from whole biopsies.
In active CD, the immunological manifestation involves production of the
pro-inflammatory cytokines IFN-γ and IL-17A, and the down-regulatory
cytokines IL-10 and TGF-β1, by several types of T cells (80, 130, 131).
These cytokines were investigated to compare T cell activity in the two
study groups. Both IFN-γ and IL-17A mRNA correlated with the disease
activity and were elevated in untreated CD patients, and declined after
GFD, regardless of supplementation with oats. These results confirms
previous results that the activity of T cells that produce those cytokines is
increased in active CD and normalize after treatment, but also highlight
the central role of IFN-γ in active CD (Paper IV) (21, 62, 80, 110). The
expression of IL-10 and TGF-β1 were only reduced in patients receiving
GFD-std and not in the patients that were given GFD-oats. Several patients
even had higher IL-10 and TGF-β1 mRNA levels on GFD-oats. This result
indicates that patients consuming oats still have immune activity in the
mucosa, and that the Tregs are fairly successful at suppressing
inflammatory responses, since these patients had normal serology and
histology (150).
A common feature of ongoing inflammation is expression of chemokines
that are involved in recruitment of immune cells to the site of
inflammation. The chemokines, CXCL8, CXCL9, CXCL10, CXCL11,
CX3CL1, and the chemokine receptor CXCR3 (receptor for CXCL9-11)
were analyzed. The results showed that all chemokines followed the
disease activity in both study groups, i.e., were high before GFD and were
fully normalized in both groups after >11 months on GFD. Together, these
results indicate that the recruitment of immune cells by the chemokines is
halted by GFD, regardless of supplementation with oats. Later we showed
that the main cellular source of CXCL10-11 and CX3CL1 during active
CD are IECs (Paper IV) (62).
One hallmark of active CD is increased infiltration of IELs in the epithelial
compartment (110). During active CD, expression of activating NK
receptors on IELs is increased and has been suggested to lead to cytolysis,
by binding to MHC class I molecules on IECs (79). To estimate the
potential activity of cytotoxic cells in CD patients on an oats containing
GFD, we analyzed the expression levels of mRNA for NKG2C, NKG2E,
HLA-A, HLA-B, HLA-C, and HLA-E. The levels of HLA-A, -B, and -C
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mRNAs did not change with disease activity in either study group. In
contrast, HLA-E mRNA levels were significantly reduced after GFD in
both groups. Levels of both NKG2C, NKG2E were increased during active
CD and only decreased significantly in the GFD-std group, but not in the
GFD-oats group. This result indicates that patient consuming oats still
have lymphocytes with cytotoxic capacity in the mucosa.
Increased epithelial permeability of the intestinal barrier is believed to
contribute to the pathogenesis of CD (129). Both IFN-γ and IL-17A that
are increased during active CD have been shown to cause increase in
intestinal permeability, by affecting expression of TJ proteins. However,
both IL-10 and TGF-β1 that are also increased during active CD have an
opposite effect, by reducing epithelial permeability (129, 159). Therefore,
levels of mRNAs for two TJ proteins claudin 4 (CLDN4) and occludin
(OCLN) were compared between the two study groups. The mRNA levels
of OCLN in CD patients were not different from dose of controls neither
before nor after GFD, regardless of supplementation with oats. However,
average mRNA levels of CLDN4 were higher in active CD than in
controls, and were reduced only in patients in the GFD-std study group
and not in patients receiving GFD-oats. This indicates that TJs proteins are
altered in patients consuming oats, which can result in increased epithelial
permeability and leakage of luminal antigens to LP.
Further, when analyzing only mRNA species that show changes related to
disease in either one or both diet groups, the immune status of the GFDstd and GFD-oats study groups differed significantly after one year.
Almost all patients who consumed GFD-oats still had two or more mRNA
species that were unchanged or even elevated after one year. In contrast,
only half of the patients in the GFD-std group had two or more mRNA
species that were unchanged or even elevated after one year. The most
pronounced differences were seen in the mRNA expression levels of
CLDN4 and NKG2E.
Overall, the results in Paper I indicates that the immune status in the SI
mucosa is not normalized in a substantial fraction of CD patients on a GFD
with oats. Several of the genes that did not normalize on GFD-oats are
related to IELs and IECs, indicating an ongoing immune reaction within
the epithelium. Studies have shown that the epithelium is the main site for
cytotoxic lymphocytes in the human SI mucosa in both healthy individuals
and CD patients (54, 77). Paper I revealed that several CD patients that
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consumed oats still had an increased level of activating NK-receptors
(NKG2C and NKG2E) that may possess cytotoxic activity to stressed
target cells in the epithelium. Oats also seems to affect epithelial
permeability, since CLDN4 did not normalized in the GFD-oats group.
Additionally, in Paper IV, three genes (i.e., 2,5-oligoadenylate synthetase
(OAS2), Solute Carrier Family 2 Member 10 (SLC2A10) and MHC class
II loading molecule, HLA-DOB) remained expressed at high levels in
IECs in patients with treated CD compared to controls. It could be
speculated that those genes are also affected by oats, and do not normalize
when CD patients are eating GFD with oats. Unfortunately, we do not
know if the patients in the treated group in paper IV had oats in their GFD.

4.2 Dysbiosis and CD associated bacteria risk factors for CD
An imbalance in the intestinal microbiota composition (i.e., dysbiosis) has
been linked to several intestinal diseases (97). Both in IBD and CD,
dysbiosis has been implied as a risk factor for contraction of these diseases
(88, 97). During the Swedish epidemic of CD, adherent rod-shape bacteria
were detected in proximal small intestine in 20-40% of children with celiac
disease, but not in controls, and rarely in biopsies from later periods (60).
Sequencing of 16S rDNA in washed duodenal biopsies revealed
overrepresentation of Clostridium, Prevotella, and Actinomyces in CD
patients born during Swedish epidemic of CD (88). Bacteria of these
genuses were additionally isolated from biopsies of CD patients, of which
seven was used in our studies. These bacteria were classified by results
from earlier study (88) combined with results from our Paper II, and were
as followed: 1) one isolate of Lachnoanaerobaculum umeaense, a new
species in a new genus Lachnoanaerobaculum. The L. umeaense is a
Gram-positive, obligate anaerobe, non-hemolytic, saccharolytic, nonproteolytic, spore-forming and filamentous bacterium (144); 2) five
isolates were of the genus Prevotella (CD3:27, CD3:28, CD3:32, CD3:33
and CD3:34). Three isolates, CD3:27, CD3:28, and CD3:33, were clearly
different from any other species within the genus Prevotella, and they
represent a novel species within the genus Prevotella and was named P.
jejunis (Paper II) (145). Furthermore, whole genome sequencing was
performed for the three P. jejuni strains CD3:27, CD3:28T and CD3: 33
and deep sequencing, mapping and annotation of the CD3:33 strain (Paper
III). Isolate CD3:32 was identified as P. histicola, and isolate CD3:34
identified as P. melaninogenica. The five Prevotella isolates are Gramnegative, obligate anaerobic, hemolytic/non-hemolytic bacteria that form
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outermembrane versicles and nanotubes (Paper II) (145) and; 3) one isolate
of Actinomyces graevenitzii (88).
4.2.1 Binding of CD associated bacteria to intestinal epithelial cells
Bacterial binding to host epithelial cells has proved to be an important
virulent factor in many inflammatory diseases (160, 161). Therefore, we
investigated whether the CD associated bacteria bind to human intestinal
epithelial cell lines and to one human T cell line in vitro, by using a method
based on dual-fluorescence flow cytometry (Paper II-III). The results
showed that all three Prevotella species isolated from the jejunal biopsy,
of a child with CD, bound to a large fraction of the cells of the colon
carcinoma cell lines T84 and Caco2, but not to Jurkat cells. The bounding
was more prominent at the physiological temperature 37 °C. The three P.
jejuni isolates (CD3:27,-28 and -33) behaved similar. In contrast, L.
umeaense only bound to Caco2 cells, indicating that the cellular binding
specificities of the Prevotella spp and L. umeaense are different.
Additionally, A. gravenitzii, showed another cellular binding specificity
pattern, binding to all cells in the T cell line Jurkat and only marginally to
T84 and Caco2 cells. The strong binding of the CD-associated Prevotella
isolates to intestinal epithelial cells at 37 °C supports the idea that the
bacteria adhere to the epithelium in vivo and that there could be an
infectious component in the pathogenesis of CD. Both increased leaves of
AMPs and altered composition of the mucus layer is seen in CD patients,
indicating an antimicrobial response by the IECs (60).
4.2.2 Epithelial response to bacterial challenge in vitro
The CD-associated bacteria have been shown to induce an IL-17A
response in biopsies of treated CD patients (21). Therefore, we wanted to
analyze the effects of challenge with CD associated bacteria on polarized
tight monolayers of T84 cells (Paper III). Transepithelial residence (TER)
was used as a measure of epithelial monolayer permeability. All three P.
jejuni isolates significantly decreased TER, indicating that the monolayer
became leakier. Also P. melaninogenica CD 3:34 and P. histicola CD3:32
significantly decreased TER, while A. gravenitzii did not affect TER. In
contrast, L. umeaense actually made the monolayer tighter and increased
TER. Epithelial permeability is known to be affected by epithelial
interaction with microbes; E.coli increases epithelial permeability during
infection, while Lactobacillus plantarum has been showed to have a
protective function by reducing permeability (162, 163). Increased
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epithelial permeability of the intestinal barrier is believed to contribute to
the pathogenesis of CD, which is in line with the hypothesis that Prevotella
spp increases the risk for contraction of CD, while L. umeaense have a
protective role.
To further understand the role of adhering CD associated bacteria in the
immunopathology of CD, we preformed gene expression analysis of T84
polarized tight monolayers challenged with the bacteria. In this analysis
both type strains (T) for isolates P. histicola CD3:32 and P.
melaninogenica CD3:34 i.e., P. histicolaT and P. melaninogenicaT were
also studied. We focused on genes that showed increased expression level.
First screen was done by genome-wide hybridization bead array and
thereafter verification of upregulated genes was done using specific qRTPCR assays in a new set of challenged monolayers. After verification with
qRT-PCR assays, 24 genes were upregulated by at least one of the nine
bacterial strains investigated. However, neither P. histicola CD3:32, P.
histicolaT nor A. graevenitzii did upregulate any of the genes. In contrast,
all but one of the 24 genes were upregulated by either P. jejuni strains
and/or P. melaninogenica strains, while L. umeaense upregulated two
genes, which were chemokines, CCL20 and CXCL10.
Several of the genes with increased mRNA levels are involved in
detoxification, i.e., CYP1A1, CYP1A2, CYP1B1 and TIPARP, were
upregulated after challenge with P. jejuni and P. melaninogenica. The
effect was seen with all three P. jejuni isolates and to a lesser extent with
both P. melaninogenica strains, indicating toxic effect on the epithelium.
Several chemokines were upregulated by P. jejuni and P. melaninogenica,
a feature they shared with L. umeaense. Totally four chemokines, CCL20,
CXCL1, and CXCL10 and CX3CL1 were affected. These are chemokines
that mainly recruits lymphocytes, monocytes/macrophages and dendritic
cells. Increased expression of mRNA levels of CXCL10 and CX3CL1 are
also seen during active CD, and they followed the disease activity (Paper
I and IV) (62, 126). Induction of chemokines by these bacteria may result
in increased numbers of IELs within the epithelium, which is one feature
of active CD (164).
The new P. jejuni species, particularly isolate CD3:28 appears to be most
harmful to the epithelial cells by inducing expression of genes that are
involved in antimicrobial defense and inflammation. Both mRNA levels
of Elastase-Specific Inhibitor (PI3) and Nitric Oxide Synthase 2 (NOS2)
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were induced by P. jejuni CD3:28. These genes have antimicrobial
properties and are also increased during active IBD (165). The mRNA for
S100 Calcium Binding Protein A3, S100A3 was upregulated by the P.
jejuni isolates, CD3:28 and 33. This calcium binding protein interacts with
several cellular targets regulating a diverse range of cellular processes
promoting pathological inflammation (166).
IRF1 was upregulated by P. jejuni CD3:28 and A. graevenitzii, which is
reported in paper IV. IRF1 is involved in production of biologic active IL18 by IECs. Secreted IL-18 stimulates IELs to produce IFN-γ that results
in inflammation in the mucosa and increased intestinal permeability. Both
IRF1 and IFN-γ are believed to have a central role in the pathogenesis of
CD (Paper IV) (62, 167).
Interestingly, the L. umeaense bacteria induced a downregulation of
mRNA levels for Toll-Like Receptor 2, TLR2. It has been shown that the
L. plantarum have protective function by reducing epithelial permeability
through TLR2 pathway (163). Therefore one might speculate that L.
umeaense posses the same protective features as L. plantarum and may be
involved in maintaining epithelial barrier functions in the SI. Further, L.
umeaense induced increased levels of mRNA for the chemokine CCL20.
The CCL20 have shown to be involved in recruitment of Tregs during
Helicobacter pylori infection in the gastric mucosa (168). The L. umeaense
is also related to the Clostridium cluster XIV (144). In a mice study,
Clostridium cluster IV and XIVa have shown to induce colonic Tregs, and
prevent development of inappropriate inflammation (95). This suggests
that this bacterium might play a role in the establishment of mucosal
tolerance, and are controlling the inflammatory response by recruiting
Tregs.
The CD associate bacteria that were detected in biopsies of CD patients
during the Swedish epidemic of CD seem to both have protective and
pathogenic features. Our results indicate that L. umeaense is probably ”the
good guy”, protective rather than harmful due to it increased epithelial
barrier function and induction of CCL20 production by epithelial cells, and
thereby contributing to the general immune status of the mucosa. The P.
jejuni on the other hand, appears to be ”the bad guy”, disturbing epithelial
barrier function by increasing permeability. Hypothetically, by direct
binding to epithelium, and indirectly by induction of IRF1 in the
epithelium, which in turn leads to production of IFN-γ by IELs. Resulting
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in increased possibilities for para-cellular passage of proteins, including
gluten peptides, and other molecules present in the gut lumen. Further, the
P. jejuni induced several genes that are involved in detoxification,
antimicrobial defense and inflammation, indicating more pathogenic
features of this bacteria species.
There is an ongoing discussion, whether dysbiosis seen in inflammatory
diseases is a risk factor for contraction of these diseases or a consequence
of the ongoing inflammation (169). Thus, the remaining question still to
be answered is: “which came first: the chicken or the egg?”. However,
there are two evidence supporting the hypothesis that CD associated
bacteria is a risk factor that might contribute to the inflammation, rather
than it is present as a consequence of the ongoing inflammation. The two
evidences are as followed: 1) the CD associated bacteria are present in both
the SI of patients with active CD (i.e., in ongoing mucosal inflammation)
and in treated CD patients on a GFD, who have no obvious mucosal
inflammation. This, since both L. umeaense and P. jejuni were isolated
from small intestinal biopsies of CD patients on a GFD, who had normal
mucosal histology (Paper III) (88, 144) and; 2) the CD associated bacteria
are overrepresented in CD patients compared to controls, but they do not
constitute dominating components of the microbiota in these patients (88).

4.3 The role of IECs in pathogenies of CD
Prerequisites for contracting CD are that the individual carries the MHC
class II alleles for HLA-DQ2 and/or HLA-DQ8, and is exposed to dietary
gluten. However, only a small fraction of gluten-exposed individuals who
fulfill these criteria develop CD, which strongly indicates that other factors
are also important for contracting and maintaining the disease (110).
Several studies have shown that the epithelium is the main site for
cytotoxic lymphocytes in the human SI mucosa in both healthy individuals
and CD patients (54, 77). Increased number of IELs that produce the proinflammatory cytokines IFN-γ and IL-17A is one hallmark of active CD
(21, 80). However, little is known about their neighboring cells, the IECs
and their innate immune response during active CD.
To investigate how the IECs contribute to contraction and pathology of
CD, we analyzed gene expression differences in purified IECs from
duodenal mucosa of CD patients with active and treated (i.e., inactive
disease) compared to clinical controls (Paper IV) (62). We focused on
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genes that showed increased expression level. The first screen was done
by genome-wide hybridization bead array and was supplemented with
real-time qPCR-array for chemokines, and their receptors. A total number
of 120 genes were significantly higher in the IECs from CD patients with
active disease compared to clinical controls. The further verification of the
upregulated genes using specific qRT-PCR assays showed that
approximately 75% of the genes could be confirmed in enlarged groups of
CD patients and clinical controls.
Further, we aimed to investigate the cause of the upregulation of IECs
genes during active CD. Two in vitro models for human intestinal
epithelium, enteroids established from small intestinal IECs of controls
and T84 polarized tight monolayers, were utilized in order to assess how
IFN-γ and IL-17A secreted by IELs might influence IEC function and the
changes in gene expression in active CD. Challenge of tight monolayers
with CD-associated bacteria in presence or absence of gluten peptides was
also performed in order to estimate to what extent these bacteria contribute.
The results indicated that many of the genes that are upregulated in IECs
from active CD patients are induced by IFN-γ. Almost 70% of the genes
were upregulated by IFN-γ, while only 9% were upregulated by IL-17A.
Only IRF1 was induced by CD associated bacteria, particularly by P.jejuni
and A.graevenitzii. The IRF1 mRNA levels was significantly higher in
IECs from active CD compared to controls, and was induced by IFN-γ.
These findings of high levels of IRF1 mRNA in IECs from active CD
patients are supported by the previous demonstration of increased IRF1
protein in SI mucosa in active CD (170).
4.3.1 Goblet cells reaction in the SI mucosa of CD patient
Some genes, e.g., the serine peptidase inhibitor (SPINK4), the
galactofuranosyl binding intelectin-1 (ITLN1), the mucous stabilizing
trefoil factor-1 (TFF1), and MUC2 that had significantly higher mRNA
levels in IECs from patients with active CD compered to controls, were
unaffected by IFN-γ and IL-17A stimulation in our two in vitro models.
The epithelial cells in both models are mainly enterocytes. Gene
expression analysis at the protein level by IHC revealed that SINK4,
ITNL1, TFF1 and MUC2 are expressed by goblet cells (Figure 1). All
those genes are involved in epithelial protection, healing and antimicrobial
response (61, 171). Thus, that these findings confirming previous results,
that an antimicrobial response is ongoing in active CD and underscoring a
role for goblet cells (60).
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Figure 1. SPINK4, ITNL1, TFF1 and MUC2 shows increased expression in goblet
cells in active CD
Immunohistochemical staining of duodenal mucosa of one of three CD patients with
active disease (Active CD) and one of three controls (CTR) with anti-SPINK4 mAb, antiITNL1 mAb, TFF1 mAb, and anti-MUC2 mAb, respectively. The anti-SPINK4 mAb
mainly stained the goblet of goblet cells. Note the more intense staining of goblets in the
CD patient. Staining for ITLN1 is seen at the apical side of IECs in both controls and CD
patients, but with much higher intensity in active CD. Staining for TFF1 is seen in goblet
cells in CD patients with active disease, but not in controls. Anti-MUC2 mAb strongly
stained the cytoplasm of mature goblet cells in both the CD patient and the control.

4.3.2 IFN-γ plays a central role in the epithelial reaction in active CD
Our results indicates that most of the upregulated genes in IECs from
active CD are induced by IFN-γ, the key cytokine in CD for which IELs
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constitute the major cellular source (80). Several of those genes that are
upregulated in IECs by IFN-γ can induce both innate and adaptive immune
responses, and stimulate and recruit different types of immune cells,
involving CD4+IELs, CD8+IELs cells, γδIELs and macrophages (Figure
2).
The mRNA levels in active CD were upregulated for class II MCH
transactivator (CIITA), the -chain of HLA-DM (HLA-DMB), which
governs peptide loading into the cleft of HLA-DR and HLA-DQ
molecules, and the β-chain of HLA-DO (HLA-DOB), which modulates
HLA-DM activity (172). It has been shown that during the presence of
IFN-γ, the appropriate machinery for antigen presentation is expressed by
IECs (48). The results suggest that IECs in active CD may possess APC
functions and present antigen to CD4+IELs during the influence of IFN-γ.
Genes that are involved in processing of class I MHC peptides and
transport were also elevated in IECs from active CD. Both proteasome
subunit beta 9 (PSMB9) and antigen peptide transporter 1 (TAP1) were
upregulated and induced by IFN-γ. PSMB9 is a subunit of the
immunoproteasome, which is more effective than the standard proteasome
in producing peptides on MHC class I molecules that can be recognized
by CD8+T cells and generate a cytotoxic response (173). In active CD,
gliadin specific MHC class I restricted CD8+T cells have been
demonstrated (132).
Levels of the MHC class I related molecule butyrophilin, BTN3A1, was
elevated in active CD and induced by IFN-γ in our two in vitro models.
Two-color IF staining demonstrated that IECs are the main source of
BTN3A1 in active CD. The BTN3A1 protein was expressed in the
cytoplasm and at the cell membrane of most IECs in active CD, while it
was barely detected in the epithelium of controls. The γδT cells that are
present in the SI mucosa can recognize BTN3A1 (81, 174). Activated γδT
cells have several effector functions; cytotoxicity, cytokine and chemokine
production, mainly IFN-γ and IL-17A (29). Expression of BTN3A1 by
IECs can intensify the mucosal inflammation in active CD by inducing an
inflammatory response by γδT cells.
The three chemokines, CXCL10, CXCL11 and CX3CL1 were elevated in
IECs in active disease, and were strongly induced by IFN-γ in our two in
vitro models. In Paper I, we show that these three chemokines follow the
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disease activity in whole biopsies from CD patients. IHC staining revealed
that CX3CL1 accumulates at the border between the epithelium and the
LP where cells with macrophage morphology expressing the CX3CL1
receptor CX3CR1+ are present in patients with active CD, but not in
controls. In mice, it has been shown that CX3CR1+ macrophages are able
to sample antigens from the gut lumen and present the antigen to DCs in
LP, thereby increase antigen presentation (47). It is possible that in active
CD, there is a similar mechanism resulting in increased antigen
presentation in LP. Both CXCL10 and CXCL11 recruit T cells and could
be responsible for the increased numbers of T cells observed in the
intestinal mucosa in active CD (164).

Figure 2. IFN-γ induced immune defense in IECs of CD patients with active disease
Activation of IECs by the pro-inflammatory cytokine IFN-γ leads to enhanced antigen
presentation capabilities and altered repertoire of MHC class I and II molecules,
butyrophilin expression and secretion of chemokines, resulting in stimulation, activation
and recruitment of different type immune cells i.e. CD4+IELs, CD8+IELs cells, γδIELs
and CX3CR1+macrophages.

4.3.3 The regulation of IFN-γ by IECs during active CD
It is obvious that IFN-γ plays a central role in the epithelial reaction in
active CD patient. In what way can IECs affect IFN-γ production by IELs?
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Inflammasome is a multiprotein complex that activates an inflammatory
cascade through Caspase-1 (CASP1). It promotes the maturation of the
biologically active inflammatory cytokines IL-1β and IL-18, also known
as IFN-γ inducing factor. The formation of the inflammasome depends on
activation of inflammasome sensors receptors (NLRs), which can be
stimulated by variety of PAMPs and DAMPs (175). The inflammasome
cytokine IL-18 was previously shown to be present in the mucosa in active
CD and mainly expressed in IECs (170, 176). In our study IL-18 was
expressed at very high levels in the genome-wide hybridization bead array
in IECs in active CD, though the mRNA levels for IL- 18 was not
upregulated in active CD. However, IL-18 is stored as an inactive protein
(preIL-18), which is cleaved by CASP1 into the biologically active form
that can be secreted and bind to IL-18 receptors on IELs, and thereby
inducing production of IFN-γ (175). Biologically active form of IL-18 has
been detected in mucosal samples from active CD patients, while it was
not detected in controls (170). In our study the CASP1 mRNA was
expressed at high levels in IECs and increased in IFN-γ stimulated
enteroids. Further, the mRNAs for the IL-18 receptor proteins, IL18R1 and
IL18RAP, were upregulated in CD3+IELs from active CD. Previously
results have shown more pronounced expression in the mucosa in active
CD (170). In our study the IL-18 inhibitor IL18BP is also upregulated by
IFN-γ and overexpressed in active CD suggesting that a normal feedback
mechanism is over-ridden in active CD (Figure 3).
Our results indicate that IECs can also respond to IFN-γ stimulation. They
express IFN-γ receptors, IFNRG1 and IFNRG2, the signal-transducing
complex JAK1 and JAK2, express and upregulate STAT1, and the
transcription factor IRF1 known to up-regulate pre-CASP1. Biologically
active CASP1 is generated from pre-CASP1 through cleavage by
AIM/PYCARD (175). mRNA for AIM is strongly expressed in IEC of CD
patients with active disease. Three inflammasome sensors, NLRs were
expressed in IECs, NLRP2, NLRP6 and NLRP8. NLRP6 was upregulated
by IFN-γ and NLRP2 induced by IL-17A in enteroids.
The changes in IECs gene expression are mainly caused by IFN-γ
involving IRF1 during active CD. IECs contribute to IFN-γ production by
producing biologically active IL-18. The CD-associated bacteria, mainly
P. jejuni and A. gravenitzi, can contribute IL-18 production by an IFN-γ
independent innate anti-bacterial response in IECs trough IRF1, which in
turn induces production of IFN-γ by IELs. In a recent published study,
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reovirus were reported to disrupt the intestinal immune homeostasis
through IRF1, inducing loss of tolerance to dietary proteins antigens (141).
The key factor in epithelial reaction in active CD appears to be
overexpression of IRF1 that could be inherent and/or due to presence of
microbes or certain virus that act directly on IRF. Constantly high levels
of IFN-γ result in ongoing inflammation and increase in intestinal
permeability by affecting expression of TJ proteins. Increased epithelial
permeability leads to greater possibilities for para-cellular passage of
gluten peptides, bacteria and virus, which can also contribute to the
inflammation seen during active CD (Figure 3).
Several studies have reported the important role of IL-15 in the
pathogenies of CD, and its role in inducing killing of IECs (177, 178). In
our study, we found only very low levels of IL-15 mRNA in purified IECs.
IL-15 mRNA levels were determined both by the genome-wide screening
hybridization bead array and by qPCR-array. There was no difference in
IL-15 mRNA levels between IECs from active CD and clinical controls.
Thus, other cells than IECs are the most likely source of IL-15 in active
CD. This data confirm previous results, that IL-15 positive cells are only
present in LP in active CD (176). Further, in our results we did not see any
signs of IECs injury or death, instead the epithelium appears to be very
active. Both mRNA and protein expression of TFF1 were upregulated in
IECs in active CD (Figure 1), indicating protection and resistance to
apoptosis (61).
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Figure 3. Consequences of crosstalk between IECs and IELs in active CD
The interferon regulatory factor 1 (IRF1) can be induced in IECs (1) through the IL-18
dependent pathway of inflammasome activation or (2) directly by certain bacteria. In both
cases leading to biologically active form of IL-18 that can be secreted and bind to IL-18
receptors on IELs, and thereby create a vicious IFN-γ-circle. Leading to chronic
inflammation and increased epithelial permeability.

4.4 The immune response of IECs in children with CD and
the impact of two environmental factors, microbiota and
oats
In this thesis, we investigated the role of IECs in the immune pathology of
CD by analysis of IECs from duodenal mucosa of children with CD. The
results from our studies indicate that IECs are very active in active CD.
This by stimulating and recruiting different types of immune cells to the
SI mucosa, which promote the ongoing inflammation in the epithelium.
The changes in IECs gene expression are mainly caused by IFN-γ during
active CD. IECs contribute to IFN-γ production by producing IL-18
through activation via IRF1. Also it seems like the CD-associated bacteria,
mainly P. jejuni, can contribute IL-18 production in IECs trough IRF1,
which in turn induces production of IFN-γ by IELs. In contrast, IL-17A
seems to have little effect on the activity of IECs during active CD. The

53

strong binding of the CD-associated Prevotella isolates to epithelial cell
lines, supports the idea of adherent bacteria as a risk factor for
development of CD and/or an infectious component in the disease. Our
results also show that P. jejuni could contribute to the pathogenesis CD by
increasing permeability and also induce several stress related genes in the
epithelium. However, L. umeaense posses protective features and may be
involved in maintaining epithelial barrier functions, and tolerance in the SI
mucosa. In addition, a substantial fraction of CD patients consuming oats
on a GFD have an ongoing immune reaction within the epithelium,
indicating that these patients may not tolerate oats.
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5. CONCLUSIONS


The immune status in the SI mucosa is not normalized in a
substantial fraction of CD patients on a gluten-free diet containing
oats. Notably, genes that do not normalize include the downregulatory cytokines IL-10 and TGF-β1, the cytotoxicityactivating NK receptors NKG2C and NKG2E, and the TJ protein
claudin-4. NK receptors and claudin-4 are expressed by IELs and
IECs, respectively, indicating an ongoing immune reaction within
the epithelium. Further, it seems that T cells producing IL-10 and
TGF-β1 try to control this reaction, but apparently fail to do so.



Strong binding of the CD-associated Prevotella isolates to
intestinal epithelial cells suggests that these bacteria adhere to the
epithelium in vivo and supports the idea that it could be an
infectious component in the pathogenesis of CD.



P. jejuni appears to be ”a bad guy”, disturbing epithelial barrier
function by increasing permeability and secreting toxic substances
that induce several detoxification genes. P. jejuni also induces an
anti-bacterial defense reaction and a low grade inflammation,
indicating pathogenic features of this bacterial species and suggests
that presence of P. jejuni at the epithelial lining of the SI is indeed
a risk factor for CD.



L. umeaense is probably ”a good guy”, protective rather than
harmful, because it causes increased epithelial barrier function and
produces CCL20 that can recruit regulatory T cells. These cells
help to attenuate the adaptive immune responses, maintaining
tolerance to beneficial antigens, like food, generating a controlled
general immune status in the SI mucosa.



The opposing effects of P. jejuni and L. umeaense on intestinal
epithelial function, together with the fact that both species were
present in the same SI biopsy of a CD patient, suggests that their
relative strength both in terms of quality and quantity, and the
order of colonization could influence whether individuals
susceptible to CD will develop the disease.
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The epithelium is far from passive during active CD. Instead the
IECs show signs of increased functional activity with
upregulation of genes that can induce both innate and adaptive
immune responses, and stimulate and recruit different types of
immune cells, including CD4+IELs, CD8+IELs cells, γδIELs and
DCs/macrophages to the SI mucosa and the epithelium itself.
These changes in gene expression of IECs are mainly caused by
IFN-γ, the key cytokine of active CD.



The IECs contribute to IFN-γ production by secreting mature IL18 that induces IFN- production by IELs. Generation of mature
IL-18 for secretion goes through activation of CASP1, which in
turn can be activated in the inflammasome-reaction initiated by
PPR recognition of microbial factors or by IFN- through IRF1.
The latter pathway can cause a viscous circle of IL-18 enhancing
IFN- production by IELs that enhances secretion of mature IL-18
by IECs that enhances IFN- production even more and so forth.
This mechanism could explain the high levels of IFN- production
in active CD.



Notably, certain bacteria, e.g., P. jejuni seem to activate CASP1
and consequent IL-18 secretion by inducing IRF1 in IECs. Thus,
presence of these bacteria at the epithelial lining could induce IFNγ production by IELs, and thereby increase the risk for CD.
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