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Abstract 
 
Sezin Günaltay (2016) Dysregulated Mucosal Immune Responses in Micro-
scopic Colitis Patients. Örebro Studies in Medicine 132, 102 pages 
 

Microscopic colitis (MC), comprising collagenous colitis (CC) and lympho-
cytic colitis (LC) is a common cause of chronic watery diarrhea. The diagnosis 
relies on typical histopathological changes observed upon microscopic examina-
tion. The studies in this thesis investigated innate and adaptive immune respons-
es in the colonic mucosa of MC patients, also comparing patients with active 
disease (CC and LC) and histopathologically in remission (CC/LC-HR). We first 
analyzed expression of interleukin-1/Toll-like receptor (IL-1/TLR) signaling 
regulators in MC patients (Paper I). Our results showed enhanced IRAK-M, 
microRNA-146a, -155 and -21 expressions, whereas IL-37 gene expression was 
reduced in CC and LC patients as compared to non-inflamed controls. These 
results suggest different pathophysiological mechanisms in MC patients. The 
mixed inflammatory cell infiltrations seen in the lamina propria of MC patients 
might be a result of dysregulated expression of chemotactic mediators. In Paper 
II, we showed that MC patients display mainly an increased expression of 
chemokines and chemokine receptors in active disease as compared to non-
inflamed controls. In Paper III, we examined if the decreased IL-37 expression 
seen in Paper I could mediate the upregulation of chemokines seen in Paper II. 
We showed that a relatively small reduction in the ability of epithelial cells to 
produce IL-37 results in mainly increased chemokine expressions in a pattern 
similar to the findings in Paper II. In order to understand the nature of infiltrat-
ing T cells commonly observed in MC patients, we analyzed the T cell receptor 
(TCR) β chains in colonic biopsies of MC patients (Paper IV). Our results 
showed significant differences in TCRβ repertoire, which suggests selectively 
expanded T cell clones in active MC and histopathologically in remission pa-
tients. Altogether, these results i) increase the knowledge of MC pathogenesis by 
showing changes in TLR signaling regulators, enhanced chemokine and their 
receptor expressions involved in a mixed immune cell infiltrations and selectively 
expanded T cell clones in CC and LC patients, as well as in histopathological 
remission ii) might potentially increase the possibility of more target-specific 
therapies based on IL-37 induction, chemokines or chemokine receptor inhibi-
tions, or hindering T cell infiltration according to TCR clonality. 

Keywords: Microscopic colitis, collagenous colitis, lymphocytic colitis, TLR, 
chemokine, chemokine receptor, IL-37, TCR.  
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Svensk sammanfattning 
 
Mikroskopisk kolit (MC), innefattande kollagen kolit (CC) och lymfo-
cytär kolit (LC) är en vanlig orsak till kronisk vattnig diarré. Då föränd-
ringar i tarmslemhinnan inte ses makroskopiskt ställs diagnosen med hjälp 
av mikroskopiskt påvisande av histopatologiska fynd, därav namnet MC. 
I denna avhandling studerades immunreaktivitet i tjocktarmsslemhinnan 
hos MC-patienter dels i skov och i histopatologisk remission. 
I Artikel I undersöktes uttrycket av signalreglerande mediatorer för inter-
leukin-1/Toll-like receptor-familjen hos MC-patienter. Vi fann också att 
genuttrycket av IL-37 är lägre hos CC- och LC-patienter jämfört med 
kontroller. 

Det blandade inflammatoriska cellinfiltratet som ses i lamina propria 
hos MC-patienter kan bero på en rekrytering av immunceller till följd av 
en inadekvat produktion av kemotaktiska faktorer. I artikel II visar vi att 
MC-patienter i skov uppvisar förhöjda uttryck av flera olika kemokiner 
och kemokin-receptorer jämfört med de MC patienter som är i histopato-
logisk remission. 

I Manus III studerade vi om det sänkta IL-37-uttrycket vi såg i Artikel I 
kan leda till den uppreglering av kemokiner och kemokinreceptorer vi såg 
i Artikel II. Vi visar att t.o.m. en relativt liten minskning av förmågan hos 
epitelceller att producera IL-37 ledde till ökning av kemokiner i ett möns-
ter som påminner om de fynd vi gjorde i Artikel II. 

För att förstå vilken typ av infiltrerande T-celler som är vanligt före-
kommande hos MC-patienter, analyserade vi TCRβ-kedjorna i kolonbi-
opsier från patienter med MC. Våra resultat visade en oligoklonal TCRβ-
repertoar i kolonbiopsier av CC, LC, UC, och kontroller, som visade dis-
kriminerande skillnader i TCRβ-repertoar avseende kloner i de olika MC-
subtyperna, vilket kan tyda på olika patofysiologiska mekanismer i CC 
och LC. 

Sammanfattningsvis visar vi flera skillnader i uttryck av immunmarkö-
rer  mellan LC och CC och kontroller, liksom mellan patienter i skov och i 
histopatologisk remission, vilket dels ökar kunskaperna om MC-
patogenes, dels i förlängningen kan innebära förbättrad MC-diagnostik 
och dessutom kan leda till pricksäkrare terapier riktade mot de sjukdoms-
drivande mekanismerna. 
 
Nyckelord: Mikroskopisk kolit, kollagen kolit, lymfocytär kolit, TLR, 
kemokin, kemokinreceptor, IL-37, TCR. 
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INTRODUCTION 

Mucosal Immune System 
 

The intestine contains the largest number of immune cells of any tissue 
in the body and is the most complex part of the immune system. It is con-
tinually exposed to a wide range of antigens, and it must be able to dis-
criminate between invasive organisms and harmless antigens (dietary con-
stituents and the gut microbiota). Absorption of nutrition occurs mainly in 
the small intestine, whereas the colon is responsible for absorbing water 
and salts, as well as the nutrients produced by the gut microbiota. The 
small and the large intestines form a continuous tube, which is separated 
from the gut lumen by a single layer of columnar epithelium. The small 
intestine comprises duodenum, jejunum and ileum until the ileocecal valve, 
which is the entry point into the large intestine. The large intestine begins 
with the caecum, followed by the proximal (ascending) colon, the trans-
verse colon, the distal (descending) colon, and the rectum. The small intes-
tine is characterized by intestinal crypts and small finger-like projections 
called villi, which increase the surface area for absorption, whereas villi 
are absent in the caecum and the colon, in which crypts are more com-
monly observed.  

In the small and the large intestines, intestinal epithelial cells (IECs) 
form a semi-permeable barrier where the entrance of pathogens or toxins 
into intestinal tissue is prevented with the help of a mucus layer1. The 
epithelial cell layer is continuously regenerated by multipotent stem cells in 
the crypts of Lieberkühn, which protects the epithelial layer from dam-
aged, self-degraded, or pathogen-invaded cells. These stem cells differenti-
ate into different cell lineages of IEC: enterocytes, Paneth cells, neuroen-
docrine cells, and mucus producing goblet cells2. Paneth cells are found 
only in the small intestine, particularly in the ileum, whereas the goblet 
cells are found mainly in the large intestine. In addition, the mucus layer - 
known as the glycocalyx - is thicker in the colon, which comprises two 
parts: the inner part is a dense layer attached to the epithelial cell surface 
and the outer layer is a loose layer similar to the mucus layer in the small 
intestine3. The immunological responses take place mainly in the mucosa, 
which contains the epithelial cell layer, the underlying lamina propria 
(LP), and a thin muscle layer called the muscularis mucosa. In addition to 
the IECs, the epithelium contains intraepithelial lymphocytes (IELs). These 
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are mainly CD8+ T cells with abundant cytoplasmic granules for cytotoxic 
activity, which may regulate intestinal homeostasis, immune responses, 
maintain epithelial barrier function, and rapidly respond to an infection 
(discussed further below). Below the epithelial cell layer, a loosely packed 
connective tissue, LP, is located, which contains the blood supply, lymph 
drainage, nerve cells, and many cells of the innate and adaptive immune 
system (macrophages, dendritic cells (DCs), neutrophils, eosinophils, mast 
cells, T and B lymphocytes).  

The organized structures of the gut-associated lymphoid tissue (GALT) 
and the draining lymph nodes are the main locations for adaptive immune 
cell priming. There are Peyer’s patches (PPs), mesenteric lymph nodes 
(MLNs) and isolated lymphoid follicles4,5. The PPs are secondary lym-
phoid tissue aggregates located in the submucosa of the small intestine and 
consist of large B cell follicles and intervening T cell areas. The PPs are 
overlaid with the follicle-associated epithelium (FAE), scattered by micro-
fold (M) cells. The antigens are transported from the gut lumen through 
the M cells into the subepithelial dome (SED) and taken up by antigen 
presenting cells (APCs), DCs or macrophages. 

 

First line defense: the Innate Immune System and Pathogen 
Recognition 
 

The integrity of the IEC barrier is primarily maintained by epithelial 
cells connected to each other through junctional complexes, such as tight 
junctions (TJs), adherence junctions (AJs), desmosomes (DMs), and gap 
junctions. The epithelial cell barrier is selectively permeable by the trans-
cellular and paracellular pathways. The transcellular pathway is involved 
in the absorption of nutrients, salts and water via specific transporters or 
channels found on cell membranes, whereas paracellular pathways de-
scribe the transport via the intercellular space between adjacent epithelial 
cells6. The paracellular permeability is regulated by pro-inflammatory 
cytokines secreted mainly from IECs but can also be damaged by patho-
gens or toxins and in pathological conditions, such as inflammatory bowel 
disease (IBD) 7,8.  

The epithelial cell layer is not only a physical barrier but also a part of 
the intestinal immune homeostasis. In this respect, the interaction between 
epithelial cells and the microbiota is a key mediator of the cross-talk be-
tween the epithelium and immune cells in the mucosa9. 
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Toll-like Receptors 
 

The innate immune system detects pathogen-associated molecular pat-
terns (PAMPs) from microbes via pattern recognition receptors (PRRs) 
and induces production of innate immune responses. Since PAMPs can 
also be found in or on nonpathogenic microorganisms, the term microbe-
associated molecular patterns (MAMPs) are preferred in host-microbiota 
interactions12. There are endogenous ligands released by damaged or 
stressed tissues, either in the absence or presence of pathogenic invasion, 
which are collectively called danger-associated molecular patterns 
(DAMPs). PRRs can be secreted molecules (e.g. C-reactive protein and 
mannose binding lectin), endocytic receptors (e.g. macrophage mannose 
receptor and scavenger receptors), or signaling molecules12. The signaling 
PRRs can be divided into three families: Toll-like receptors (TLRs), retin-
oic acid inducible gene I (RIG-I)-like receptors (RLRs), and nucleotide 
oligomerization domain (NOD)-like receptors (NLRs). RLRs belong to the 
RNA helicases family and they specifically detect viral RNAs in the cyto-
plasm13, whereas NLRs, NOD1 and NOD2 recognize intracellular bacte-
rial cell products, such as g-D-glutamyl-meso-diaminopimelic acid14 or 
muramyl dipeptide15 derived from peptidoglycan. Additional NLR, 
NALP3 (LRR (leucine-rich repeat) and PYD (pyrin domain) domains-
containing protein 3) responds to various PAMPs, such as DNA and RNA 
viruses, intracellular bacteria, DAMPs (e.g. ultraviolet-B radiation), as well 
as non-PAMP crystals, such as silica, asbestos or aluminum salt16. 

TLRs are type I transmembrane proteins, and so far, ten functional hu-
man TLRs have been explored, which can form homo- or heterodimers17. 
TLR1, 2, 4, 5, 6 and 11 are found on the cell membrane where they rec-
ognize molecular components on the surface of pathogens. In contrast, 
TLR3, 7, 8, and 9 are found in intracellular organelles where they interact 
with nucleic acids including double and single-stranded RNA from RNA 
viruses and DNA from most organisms18,19 (summarized in Fig 1). In addi-
tion to MAMPs, TLRs also recognize DAMPs. For instance, heat-shock 
proteins (HSPs) reside in the nucleus, cytosol, mitochondria, or endoplas-
mic reticulum and they can be recognized by TLR2 or TLR420,21. Similarly, 
extracellular matrix degradation products from injured or inflamed tissues 
can be recognized by TRL2 or TLR4 on macrophages22. 

Stimulation of TLRs triggers expression of several genes that are in-
volved in immune responses, such as pro-/anti-inflammatory cytokines, 
induction of co-stimulatory molecules, type I and II interferons (IFN-α, -β, 
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and -γ), and chemokines. Signaling of TLRs can be imparted through indi-
vidual Toll/interleukin-1 receptor homology (TIR) domain interactions 
with myeloid differentiation primary response gene 88 (MyD88), with an 
exception of TLR323. The stimulation triggers multiple phosphorylation of 
different adaptor proteins, MyD88 adaptor like (MAL), TIR domain24,25, 
TIR domain-containing adaptor protein inducing IFN-β (TRIF) 26, and 
TRIF-related adaptor molecule (TRAM) 27. Thereafter, these adaptor pro-
tein complexes activate interleukin-1 receptor-associated kinase (IRAK)-4, 
which in turn phosphorylates IRAK-1 and IRAK-228-30. Following down-
stream activation of tumor necrosis factor (TNF) receptor-associated fac-
tor (TRAF6) by IRAKs results in induction of transforming growth factor 
beta (TGF-β) activated kinase-1 (TAK1)/TAK binding protein-2/3 
(TAB2/3) complex, which activates both mitogen-activated protein kinase 
(MAPK) and nuclear factor-kappa B (NF-κB) pathways (Fig 1)31.  

TLRs are expressed by various immune cells: neutrophils, monocytes, B 
and T lymphocytes, as well as epithelial cells. IECs are polarized cells with 
an apical surface facing the intestinal lumen and a basolateral side facing 
the LP. Under steady states, IECs in the colon express several TLRs9. 
TLR3 and 5 are abundantly expressed on the basolateral side of IECs, 
whereas TLR2 and 4 are detected at low levels on the basolateral side of 
IECs but found more abundantly on IECs located in the colonic crypts32-34. 
The TLR9 is found both on the apical and the basolateral sides of IECs. 
Apical TLR9 stimulation induces NF-κB activation, whereas basolateral 
stimulation inhibits NF-κB activation35. TLR expressions may be affected 
by the disease state. Patients with IBD have shown increased expressions 
of TLR2, 4, 5, and 8 while the expressions of TLR3 and 9 were un-
changed or lower compared to controls36-39. Mutations in human TLR1, 2, 
4, 6, and 9 genes have all been associated with an increased risk for IBD 
demonstrating that TLR signaling is a critical part of the intestinal im-
mune homeostasis40-42. In addition, mutations in NOD2 gene have been 
associated as a risk factor for development of Crohn’s disease (CD) 43. 

Negative Regulators of TLR Signaling 
 

Although TLRs have significant roles in defense against pathogens, in-
appropriate activation in the signaling pathways can cause deleterious 
inflammation and tissue injury. Thus, the TLR signaling has to be con-
stantly monitored using negative regulators. IRAK-M (IRAK-3) is upregu-
lated by TLR stimulation44, which prevents dissociation of IRAK-1 and 
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IRAK-4 from MyD88 and blocks the formation of IRAKs-TRAF6 com-
plexes45. NF-κB activation can be suppressed by multiple negative regula-
tors, such as suppressors of cytokine signaling (SOCS)-146, SH2-containing 
inositol phosphatase (SHIP)-1, and peroxisome proliferator-activated re-
ceptor-γ (PPARγ)47,48, Tollip (Toll interacting protein)49 and cytoplasmic 
zinc finger protein A2050.  

In addition to negative regulator proteins, TLR signaling is controlled 
by post-transcriptional modulators. A newly described member of the IL-1 
family is an anti-inflammatory cytokine IL-37, formerly known as IL-
1F751. IL-37 has been identified in diverse human tissues, including tonsils, 
skin, esophagus, and placenta, as well as carcinomas including breast, 
prostate, colon and lung52. Expression of IL-37 can be induced by TLR 
agonists and pro-inflammatory cytokines (IL-1β, TNF-α, IFN-γ) in periph-
eral blood mononuclear cells (PBMCs) and DCs 53,54. IL-37 is synthesized 
as a precursor and requires cleavage by caspase-1 to its mature form55. IL-
37 has five splice variants (IL37a-e), of which IL-37b is the largest isoform 
encoded by five exons56. The mature IL-37b can be secreted extracellularly 
and inhibits IFN-γ secretion induced by IL-1857,58. It can also be translo-
cated to the nucleus, where it interacts with Smad3 and suppresses the 
transcription of cytokines and chemokines, such as TNF-α, macrophage 
inflammatory protein-2 (MIP-2/CXCL2), IL-1α, IL-6, macrophage colony-
stimulating factor (M-CSF), B-cell-attracting chemokine-1 (BCA-
1/CXCL13), granulocyte-macrophage colony-stimulating factor (GM-
CSF), IL-1β, monocyte-chemoattractant protein-5 (MCP-5/CCL12), and 
CXCL8 (IL-8) upon IL-1/TLR stimulations53,59,60. 

Another example of post-transcriptional modulators is microRNAs 
(miRNAs). miRNAs are a family of non-coding 21-25 nucleotide-long 
RNAs interfering with mRNA expressions61. They are transcribed in the 
nucleus as a long primary transcript (pri-miRNA) and are then cleaved to 
hairpin structured precursors (pre-miRNA) by the Drosha complex. 
Thereafter, pre-miRNAs are exported into cytoplasm, where they are 
cleaved to miRNA duplexes. Generally, one miRNA strand is incorpo-
rated with the RNA-induced silencing complex (RISC) and becomes ma-
ture miRNA which can target mRNAs to suppress gene expression via 
transcriptional repression, mRNA cleavage or deadenylation (Fig 1)62. 
miRNAs have emerged as notable regulators of many biological processes, 
such as immunity, cell proliferation, growth, cell death, differentiation, 
organogenesis, tumorigenesis in animals, plants, and some DNA 
viruses61,63. According to the miRNA database, miRBase 



22  SEZIN GUNALTAY Dysregulated Mucosal Immune Responses in Microscopic Colitis Patients 
 

(http://mirbase.org), 2588 mature miRNAs have been identified in humans 
up to date and these miRNAs are postulated to control approximately 
30% of human genes61. Production of multiple miRNAs are induced upon 
TLR signaling, such as miR-146a, miR-155 and miR-21 are particularly 
ubiquitous and are part of this thesis (Fig. 1). miRNA-146a has anti-
inflammatory effects when induced by TLR2, 3, 4 or 5 and down regu-
lates IRAK1, IRAK2 and TRAF6 gene expressions to reduce NF-κB activi-
ty, which in turn decreases the expressions of CXCL8, CCL5, IL-6, TNF-α 
and IL-1β64,65. miR-155 shows pro-inflammatory effects upon TLR2, 3, 4 
or 9 stimulation66,67, and targets mRNA expression of the negative regula-
tors SHIP-1 and SOCS1, which facilitates TLR signaling and upregulates 
the release of inflammatory mediators68,69. miR-155 is inhibited by IL-10 
upon LPS stimulation70. It can also exert anti-inflammatory properties by 
inhibition of NF-κB and MAPK in human monocyte derived 
macrophages71. Lastly, miR-21 shows anti-inflammatory properties by 
upregulating IL-10 expression through repression of its negative regulator, 
encoding programmed cell death protein 4 (PDCD4), upon LPS stimula-
tion72. 
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Chemokine-Chemokine Receptor Networks in Immune Cell Traf-
ficking 
 

Chemokines are 8–14 kDa secreted proteins that orchestrate leukocyte 
migration by chemotaxis in both homeostasis and inflammation83. Chem-
okines are classified based on the position of the cysteine residues near the 
N-terminus into C, CC, CXC and CX3C, where X denotes any amino 
acid. Chemokine receptors (CRs) belong to the class A rhodopsin-like 
family of seven-transmembrane domain G protein-coupled receptors 
(GPCRs) and are defined by which chemokine subgroup they bind84. CR 
activation by their ligands leads to dissociation of the heterodimeric Gi 
complex into Gαi and βγ subunits85. It is followed by the activation of the 
signaling enzymes phopholipase C-β86 and phosphatidylinositol 3-kinase 
(PI3K)87, which in turn activates the signaling cascades of cell migration, 
including actin polymerization, adhesion and membrane protrusion88; as 
well as increases calcium flux, respiratory burst, degranulation, phagocy-
tosis, and lipid mediator synthesis84. In addition to chemokines, comple-
ment components and leukotrienes are also chemotactic molecules, which 
recruit different immune cells, such as monocytes, macrophages, T helper 
(Th) 17 cells, and/or neutrophils89-92. Specificity in chemotaxis depends on 
both differential expressions of chemokines and their corresponding recep-
tors expressed by leukocyte subsets. Most CRs have multiple ligands and 
each ligand can bind to several CRs84. Each leukocyte can express more 
than one chemokine receptor, which leads to cell migration towards dif-
ferent chemoattractant gradients93. The chemokines and their correspond-
ing receptors studied in this thesis are summarized in Fig 2. In brief, the 
chemokines studied can be secreted from various cell types of the colon: 
CCL2, 3, 4, 5, 7, 20, 22, CXCL8, 9, 10, 11 and CX3CL1 are secreted by 
colonic epithelial cells94-97. These chemokines can also be secreted by im-
mune cells in the LP, e.g. macrophages (CCL2, 5, 20, 22, CXCL8 and 10), 
mast cells (CCL2, 5, 20, and 22), eosinophils (CCL2, 5 and 7), DCs 
(CCL22), and neutrophils (CXCL8 and 10)95,98-103. In addition, CD8+ T (3, 
4, 5, CXCL9 and 10)43,104, Th1 (CCL3, 4 and 5)105, Th2 (CCL22) 106 Th17 
(CXCL8)107 , regulatory T (Treg)  (CCL2, 3, 4, 5, 7, CXCL8, and 10)108, 
natural killer (NK) (CCL2, 3, 4, 5, 22 and CXCL8)109,110, and B cells 
(CCL2, 3, 4, CXCL8 and 10)111 can be involved in chemokine expressions. 
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Figure 2 Summary of chemokines and their receptors investigated in Paper 
II and III. The chemokines interacting with their corresponding receptors 
are indicated once for each receptor but are valid for all cell types express-
ing these receptors 
 
 

T-Cell Mediated Immune Responses 
 

If infectious organisms are not eliminated by innate immune mecha-
nisms, adaptive immune responses follow by generation of antigen-specific 
lymphocytes (effector cells) and memory cells to ensure elimination and 
prevent re-infection of the same pathogen. This specialized response is 
called adaptive immunity and is found only in vertebrates. In contrast to 
innate immunity, B and T lymphocytes develop adaptive immune respons-
es only after exposure to specific antigens. B cells express antigen-specific 
B-cell receptors (BCRs), which can bind to an antigen directly and differ-
entiate into plasma cells. These activated cells can secrete antibodies (im-
munoglobulins, Ig), which are often termed humoral immunity. In con-
trast, T cells are incapable of binding antigens directly. Instead, antigens 
are presented to T cell receptors (TCRs) by APCs, such as macrophages 
and DCs, which in turn leads T cells to proliferate and differentiate into 
effector T cells. T cell responses are varied based on T cell subsets and the 
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cytokines they produce, which are historically referred as T cell-medicated 
immune responses (cellular immunity). In addition, some of the antigen 
activated B and T cells differentiate into memory cells, which ensure the 
long-term immunity.  These cells can also differentiate into effector cells 
on a repeated exposure of their specific antigen. 

Lymphocytes are generated in central or primary lymphoid organs 
(bone marrow and the thymus), whereas mature naïve lymphocytes are 
maintained and primed in peripheral or secondary lymphoid organs 
(lymph nodes, the spleen, and the mucosal lymphoid tissues). Both B and 
T cells originate from multipotent hematopoietic stem cells in the bone 
marrow where B cells complete their maturation, whereas T cells undergo 
final maturation steps within the thymus. The thymus is located above the 
heart, in the upper anterior portion of the thoracic cavity, which has two 
lobes consisting of multiple lobules. Each lobule has two major compart-
ments: an outer cortex where immature T cells and macrophages are 
found and an inner medulla where mature T cells, DCs, thymic B cells, 
and macrophages are located. Thymic epithelial cells (TECs) regulate the 
development and selection of self-tolerant major histocompatibility com-
plex (MHC)-restricted T cells, which are named according to their loca-
tion, i.e. cortical (cTEC) and medullary TECs (mTECs)112. Mature B and T 
lymphocytes migrate to the peripheral lymphoid tissues, the lymph nodes, 
spleen, tonsils, PPs, and appendix, to differentiate and proliferate in re-
sponse to an antigenic stimulation. 

Development of T Lymphocytes 
 
The T lymphocytes migrated from the bone marrow to the thymus are 

called progenitor T cells (Pro-T) or thymocytes. They undergo a series of 
distinct phases for their maturation that are marked by changes in the cell 
surface molecules. Upon entrance into the thymus, the thymocytes lack 
typical T cell surface markers (CD4 or CD8), and are therefore called 
double negative (DN) thymocytes. At this stage, the TCR genes are still in 
germline configuration. The DN population is subdivided according to 
CD25 and CD44 expressions on the cell surface. CD44 allows thymocytes 
to migrate into the outer cortex, whereas CD25 enables thymocytes to 
respond to IL-2 for sustaining the proliferation together with IL-7. The 
thymocytes entering the outermost cortex are CD44+CD25- DN1 cells. 
After the Notch-1 receptor is upregulated, the DN1 thymocytes bind to 
the Notch-1 ligand on cTECs, which initiates pre-TCR-α (pTα) expression 
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and in turn the DN2 developmental stage (CD44+CD25+). During the 
DN3 stage, the thymocytes are CD44-CD25+, and undergo extensive rear-
rangement of TCRβ genes, called β-selection113 (the details are described in 
the following section). Upon successful TCRβ chain expression, TCRβ 
assembles with the TCR complex components, pre-TCRα CD3γ, CD3δ, 
CD3ε and TCRζ. Thereafter, these cells lose CD25 expression (DN4) and 
increase CD27 and the co-stimulatory molecule CD28 expressions114,115. 
The thymocytes undergo expansion and further maturation prior to the 
rearrangement of TCRα genes. Before complete expression of αβTCR, 
CD4 and CD8 expressions begin to be upregulated (double positive, DP) 
on the cell surface of the thymocytes.  

Further selection of DP thymocytes occurs via positive and negative se-
lections. The positive selection includes selection of DP thymocytes having 
a complete αβTCR capable to recognize self-peptides presented by self-
MHCs expressed on cTECs. This interaction also determines which co-
receptors a mature T cell will express, i.e. if a self-MHC class I molecule is 
presented, mature T cells will express CD8, whereas self-MHC class II 
molecule recognition induces CD4 expression on T cell surface. The T 
cells binding with intermediate affinity and avidity can continue to further 
negative selection processes, whereas no recognition or strong binding to 
self-MHCs leads the cell into apoptosis. The negative selection eliminates 
the thymocytes according to binding affinity to self-peptide: self-MHC 
expressed by mTECs and macrophages, in which high-affinity interactions 
induce apoptosis. mTECs also express tissue specific antigens encoded by 
autoimmune regulator (AIRE) to eliminate potential harmful self-reactive 
T cells, which in turn allows T cells to be tolerant towards peripheral or-
gans and suppresses autoimmune diseases116. The survivors of the selection 
steps are self-restricted, self-tolerant and single positive, which exit the 
thymus via the corticomedullary junction as mature naïve T cells (recent 
thymic emigrants, RTE)113.  

There are also other types of immune cells differentiated in the thymus. 
Natural killer T (NKT) cells express only one TCR-Vα type and limited 
numbers of TCRβ genes, as well as the surface molecule CD161c (NK1.1) 
and respond to antigens presented by CD1d instead of MHC molecules. 
Natural regulatory T (nTreg) cells are a subset of CD4+ T cells, which 
suppress other T cells. They selectively express CD25 and the transcription 
factor Foxp3 and stem from autoreactive T cells that survived during the 
negative selection in the thymus. Also, some of them can develop outside 
of the thymus and are subsequently termed induced Treg (iTreg). For in-
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stance, these cells can differentiate in the LP of the colon when induced by 
food antigens or the gut microbiota117.  

 

Generation of the TCRαβ Chain 
 
Conventional proteins are encoded by single germline-encoded genes, 

whereas TCR genes are assembled from a large set of adjacent gene seg-
ments, a process called somatic rearrangement. T cells express membrane 
bound TCRs consisting either of an αβ or a γδ heterodimeric TCR. The 
TCR antigen specificity and diversity are primarily determined by amino 
acid sequences encoded in the CDR3 (third complementarity determining 
region) variable domains of α and β chains. Rearrangement of the Tcrg, 
Tcrd, and Tcrb gene segments occurs at the DN2 to DN3 transition118, 
resulting in DN3-DN4 cells expressing either a γδTCR or a pre-TCR 
complex (TCRβ-pTα complex)119. Somatic rearrangement of gene seg-
ments occurs using a recombinase complex including three lymphoid-
specific enzymes, i.e. recombination activating gene (RAG) 1, RAG2, and 
terminal deoxynucleotidyl transferase (TdT)120. The TCRβ gene is com-
posed of variable (V), diversity (D), and joining (J) gene segments. Briefly, 
RAG1/2 enzyme complex brings a single Dβ gene segment and single Jβ 
gene segment together at special recombination signal sequences (RSSs) 
flanking each gene segment. Thereafter, DNA ligase in the complex com-
bines the modified Dβ and Jβ segments together and a single Vβ gene seg-
ment is joined to Dβ/Jβ by the RAG1/2 enzyme complex. Also, the addition 
and deletion of non-templated (N) nucleotides occur in the Vβ-Dβ/Jβ gene 
junction using TdT, further increasing the diversity of the CDR3 region up 
to 1010-1012 different sequences120,121. Lastly, a complete TCRβ chain with 
a functional Vβ(Dβ)Jβ exon, is transcribed and spliced to join one of two 
constant (Cβ) segment genes. The rearrangement of one allele inhibits fur-
ther rearrangement at the other allele via downregulation of RAG1/2 en-
forcing strict allelic exclusion122. When the successful TCRβ rearrange-
ment is complete, TCRβ associates with pre-TCRα. After the thymocytes 
begin to express both CD4 and CD8 on their cell surface, TCRα chain 
rearrangement is initiated by re-expression of the RAG1/2 enzyme com-
plex. The TCRα chain is composed of V and J gene segments and rear-
ranged in the similar mechanisms as TCRβ rearrangement. The pairing of 
TCRβ and TCRα further increases diversity of antigen specificity of T 
cells123. The TCRαβ is incapable of transducing signals into the T cell; it 
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requires signal transduction molecules, CD3δ, CD3γ, CD3ε, and TCRζ 
chain. To fully activate T cells, TCR signaling must be accompanied by 
co-stimulatory molecules, CD28 and CD28-related protein, which in turn 
leads to proliferative expansion of a specific T cell clone124. 

In humans, T cells of the γδ+ lineage are mainly located in epithelial 
sites of the gut and the skin; however, they are less common than αβTCR+ 
T cells. The γδ T cell development starts in the DN2 stage with rear-
rangement of the Tcrd locus (Vδ-Dδ-Jδ) and is followed in the DN3 stage 
by Tcrg gene rearrangements (Vγ-Jγ). Although the TCRδ region has lim-
ited numbers of V and J elements compared to TCRβ, multiple D segment 
rearrangements in the Tcrd locus enhance the diversity. The commitment 
to the γδ fate requires a complete rearranged and paired γ and δ chains125. 
Unlike αβ T cells, there is no pre-selection or further positive/negative 
selections for γδTCR+ T cells; therefore they stay double negative in terms 
of CD4 and CD8 co-receptor expressions and do not require conventional 
antigen presentation by MHC126.  

Antigen Recognition by TCRs 
 

The TCRs can recognize short continuous amino acid sequences, asso-
ciated with structure of the protein which is unfolded and processed into 
peptide fragments. Vα domain of αβTCR contacts with the amino-
terminal half of the bound peptide, whereas the Vβ domain interacts with 
the carboxyl-terminal half. This interaction leads to conformational 
change within Vα CDR3 loop. During antigen recognition, CD4 or CD8 
co-receptor associates on the T cell surface with TCR and binds to MHC 
part of the peptide: MHC complex. TCR signaling is initiated by tyrosine 
phosphorylation within cytoplasmic regions in the CD3δ, γ, ε, and TCRζ 
chains (immune-receptor tyrosine-based activation motifs, ITAM). Upon 
CD4 or CD8 co-receptor binding to MHC class II or I molecules, respec-
tively, non-receptor kinases of TCR signaling is initiated. Eventually, this 
signaling pathway activates transcription factors NF-κB, activator protein 
1 (AP-1) and nuclear factor of activated T-cells (NFAT), which induce 
gene transcriptions, leading to cell proliferation and differentiation (dis-
cussed in the next section). There are also inhibitory receptors expressed 
by T cells: cytotoxic T-lymphocyte-associated protein 4 (CTLA-4, 
CD152), programmed death-1 (PD-1) and B and T lymphocyte attenuator 
(BTLA).  
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T cell Activation 
 

Once T cells have completed their development in the thymus, they en-
ter the blood stream to reach peripheral lymphoid organs, lymph nodes, 
spleen, and PPs. These T cells have not yet encountered their specific anti-
gens, hence called mature naïve T cells. The cell is introduced to its specif-
ic antigen presented by a peptide: MHC complex on mature DCs, called 
priming. Once they are primed with the antigen, signaling through TCR 
together with co-receptor CD4 or CD8 induces conformational changes in 
lymphocyte function-associated antigen (LFA)-1, which stabilizes the asso-
ciation between antigen-specific T cell and DC. Thereafter, B7 molecules 
expressed on DCs stimulate T-cell proliferation with CD28 interaction on 
T cell surface, which in turn leads to cell proliferation by IL-2 expression 
from the activated T cell itself. Variation in cytokines or surface proteins 
induces the development of distinct subtypes of T cells. Th1 development 
is induced by IFN-γ and IL-12, which in turn activates signal transducers 
and activators of transcription (STAT)1 and STAT4, respectively and gen-
erates STAT1 and STAT4 homodimers. Thereafter, these dimers enter the 
nucleus and act as transcription factors enabling gene expressions. STAT1 
also induces T-box transcription factor (T-bet) which enables transcription 
of IFN-γ and IL-12 receptors127. Upon activation, Th1 cells secrete IFN-γ, 
IL-2, lymphotaxin, and TNF. Th2 development is facilitated by IL-4, 
which activates STAT6 and expression of transcription factor GATA3. 
GATA3 not only induces IL-4 and IL-13 expressions but also self expres-
sion to stabilize Th2 differentiation128. Th2 cells produce IL-4, IL-5, IL-9, 
IL-10, IL-13, IL-25, and amphiregulin129. Th17 cells require IL-12 and IL-
23 for development. These T cells promote inflammation by secreting IL-
17 and initiate expression of CXCL8 from stromal cells or epithelium107. 
Th17 cell differentiation is induced by the transcription factor retinoic 
acid-related orphan receptor (ROR)C2, RORα, TGF-β and IL-21 and in 
turn Th17 cells secrete pro-inflammatory molecules, IL-17A, IL-17F, IL-
21, IL-22, and IL-26130. Th9 cells are recently recognized as an effector T 
cell subset. Its differentiation is controlled by IL-4, TGF-β, purine-rich box 
1 (PU.1), interferon regulatory factor (IRF) 4, and STAT6131,132, which in 
turn suppress expressions of T-bet and GATA3133. Upon activation these 
cells can produce mainly IL-9, as well as IL-10134. 

After the first antigen induction via MHC class I molecules, the naïve 
CD8+ T cells proliferate and differentiate into cytotoxic T cells (CTL), 
which express cytokines (IFN-γ and TNF-α), perforin and granzyme mole-
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cules required for cytolytic activity, and nonlytic suppressive antiviral 
activity135. After rapid proliferation, the cells either die by apoptosis 
(short-lived effector T cell, TEC) or remain as pathogen-specific T cells 
forming the memory CD8+ T cells (effector memory T cells, TEM and cen-
tral memory T cells, TCM). TCM are generally found in the lymph nodes, 
spleen, and blood, whereas TEM are localized in peripheral non-lymphoid 
tissues (e.g. lung, liver, intestine), spleen, and blood136. Furthermore, dif-
ferent subtypes of CD8+ CTLs (Tc) are defined according to their cytokine 
expression profiles. Tc1 cell maturation depends on IL-12 and IFN-γ, 
which in turn produce IFN-γ, whereas IL-4 maturates Tc2 cells to produce 
IL-4, IL-5, and IL-10137,138. An additional Tc subtype, Tc17, has been sug-
gested to produce IL-17A, IFN-γ, IL-21, IL-22, and TNF-α139. 

Upon successful priming, followed by proliferation and differentiation, 
the effector T cells leave the lymphoid tissue and re-enter the blood stream 
via the thoracic duct to migrate to the sites of infection or inflammation. If 
these naïve T cells do not encounter with their specific antigens, they exit 
from the lymphoid tissue and re-enter the bloodstream and continue recir-
culating. 

Mucosal T cells 
 

Expression of CCL7 and L-selectin allows naïve T cells to access intes-
tine via interaction with CCL21 and mucosal addressin cell-adhesion mol-
ecule-1 (MAdCAM-1). Upon further differentiation of T cells, these cells 
lose L-selectin expression on the cell membrane and upregulate expression 
of α4β7 integrin. These cells migrate into the blood stream via the thoracic 
duct and interact with the α4β7 integrin ligand, MAd-CAM1 found on 
vasculature of mucosal surface140,141. Meanwhile, CCR9 is induced on gut-
derived T cells, which responds to CCL25 selectively expressed by the 
small intestine epithelial cells and direct these cells to the small 
intestine142,143, whereas T cells expressing CCR10 respond to CCL28 and 
then migrate into the colon144. CD8+ IELs express integrin αEβ7 (CD103) 
instead of integrin α4β7, which locate within the epithelium by binding to 
integrin αEβ7 ligand E-cadherin, expressed on IECs145,146.  

Most of the CD4+ T cells stay in the LP together with 40% CD8+ T cells 
and the rest of them migrate into the epithelium. In addition to CD4+ and 
CD8+ T cells, LP contains plasma cells, macrophages, DCs, eosinophils 
and mast cells. Neutrophils are not commonly found in healthy intestine; 
however, their number increases during infection or inflammation.  
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Most of the mucosal T cells have a memory phenotype indicating previ-
ous antigen exposure. Most IELs in the adult human colon are αβTCR+, 
whereas γδTCR+ IELs are a minor proportion of the IEL population. The 
primary role of γδTCR+ IELs suggested is to ensure integrity of the epithe-
lial cell layer by repairing the epithelial barrier and controlling epithelial 
cell growth, as well as controlling the immune quiescence by preventing 
entrance of pathogens147-149. T cells are not only divided according to TCR 
types but also according to their co-receptors. Conventional T cells ex-
press αβTCR CD4 or CD8 on their cell surface, as described in previous 
sections. Unconventional T cells are induced by cognate antigen in the 
periphery, which typically express the activation marker CD8αα, together 
with αβTCR or γδTCR but no expression of CD4 or CD8αβ150. In addi-
tion, there are IELs expressing CD8αα alone151, which have left the thy-
mus prematurely before TCR rearrangements initiated and complete their 
maturation in the gut instead152. These cells have a potent antigen experi-
enced cytotoxic effector phenotype notified by expression of granzyme, 
CD95 ligand and CD69 but lack of IFN-γ production153. Local differentia-
tion of IELs allows the mucosal immune system to adapt and develop an 
immune cell repertoire directed against those environmental antigens that 
are most likely to be re-encountered in the gut150. 

In contrast to the epithelial layer, LP contains conventional αβTCR+ 
CD4+ T cells, whereas number of CD8αβ+ T cells are lower, which have 
been primed in the secondary lymphoid organs, such as PPs in the small 
intestine (discussed in previous section). So far, various CD4+ T cell subset 
are identified in LP of the colon; Th1, Th2, Th9, Th17, Th22, nTreg, and 
iTreg (Th3 and Tr1) cells (discussed in the previous section). 
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Microscopic Colitis 
 

Microscopic colitis (MC), a common cause of chronic non-bloody diar-
rhea, comprises collagenous colitis (CC) and lymphocytic colitis (LC). MC 
is a subtler type of IBD, compared to ulcerative colitis (UC) and Crohn’s 
disease (CD). The main clinical symptoms of MC are chronic watery diar-
rhea, abdominal pain, and weight loss. It is commonly seen in elderly fe-
males154. The colonic mucosa in MC is endoscopically normal or near-
normal thereby distinguishing it from CD, UC or infectious colitis. An 
association between MC with various inflammatory diseases, such as celi-
ac disease, diabetes mellitus, arthritis, and thyroid diseases has been pro-
posed in different studies154,155. 

Epidemiology 
 

CC was first described in 1976 in a case report of a middle-aged wom-
an suffering from chronic diarrhea whose mucosal biopsies revealed a 
thick subepithelial collagen layer156. LC was described in a histopathologi-
cal study in 1989 with the most distinctive feature being increased num-
bers of IELs compared to CC, idiopathic IBD, acute colitis and controls157. 
Previously MC was considered a rare entity but population-based studies 
revealed that MC is a leading cause of chronic non-bloody diarrhea. A 
recent meta-analysis showed that the overall incidence of CC was 
4.14/100,000 person-years, whereas LC incidence was 4.85/100,000 per-
son-years158. Since the population-based studies were limited to Sweden, 
Denmark, Ireland, Spain, USA and Canada, the true epidemiological im-
pact of MC around the globe might have been underestimated154,158,159. 

MC is usually detected in females over 60 years, yet retrospective stud-
ies have reported of MC in children10,11. Therefore, MC requires closer 
attention as a cause of chronic diarrhea in different age groups. 

Diagnosis 
 

Due to similar clinical presentations of CC and LC, they cannot be dis-
tinguished on clinical grounds only. Both types of MC cause chronic or 
recurrent watery diarrhea, abdominal pain, weight loss and fatigue 154,160 
that may be misdiagnosed as irritable bowel syndrome (IBS) or functional 
diarrhea161. Moreover, colonoscopy is typically normal with occasional 
edema of the mucosa, non-specific mild erythema or granularity162. There-
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fore, colonic biopsy is considered golden standard for MC and differential 
diagnosis between CC and LC.  

Upon microscopic examination, both CC and LC reveal mononuclear 
cell infiltration in the LP mainly by lymphocytes, but also plasma cells, 
eosinophils, and neutrophils154,163. Moreover, both types can show regres-
sive changes in the epithelium such as focal or diffuse flattening of the 
columnar cells, loss of mucin, decreased number of goblet cells, and signs 
of degeneration of enterocytes (seen as cytoplasmic vacuoles and nucleus 
pyknosis)160,164.  

Differential diagnosis of CC relies on the presence of a subepithelial col-
lagen layer over 10 μm thickness in comparison with 0-3 μm in healthy 
individuals (Fig 3). The subepithelial collagen layer may vary through the 
colon, therefore biopsies taken from the proximal colon give more reliable 
results165. The biopsies are taken from the ascending and the transverse 
colons where the number of IELs is the highest; in contrast, it is lowest in 
the recto-sigmoid colon160. LC is diagnosed through the presence of in-
creased numbers of IELs, over 20 IELs per 100 IECs whereas healthy indi-
viduals usually have less than 5 IELs per 100 IECs164 (Fig 3).  

Routine laboratory tests such as C-reactive protein, erythrocyte-
sedimentation, fecal calprotectin or lactoferrin are nondiagnostic154,166. As 
an alternative to colonoscopy, various biomarkers have been suggested to 
aid in diagnosis and follow up on treatment efficacy for CC patients, such 
as eosinophil protein X, fecal eosinophil cationic protein, fecal neuropep-
tides167, chromogranin A, chromogranin B, and secretoneurin168. Moreo-
ver, chromogranin A-positive cell density, a marker for the diagnosis of 
LC, was shown to have a high sensitivity and specificity in the right and 
left colon169. Although these markers may be promising, they still require 
to be tested in different clinical studies.  
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Figure 3. Human colonic biop-

sies stained with hematoxylin and 
eosin showing (3A) normal colon-
ic mucosa; (3B) typical findings of 
collagenous colitis, with an in-
creased sub-epithelial collagen 
layer (marked with arrows), in-
flammation of the lamina propria 
and increased amounts of IELs 
and epithelial cell damage; (3C) 
typical findings of lymphocytic 
colitis with epithelial cell damage 
with increased amounts of IELs 
(marked with arrows), as well as 
infiltration of lymphocytes in the 
lamina propria.  

 
Credits: Agnes Hegedus, Dept. 

of Pathology, Örebro University 
Hospital. 
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Subtypes  
 

There are also patients with clinical symptoms of MC not fulfilling the 
diagnostic criteria of either CC or LC, which all together is called MC not 
otherwise specified (NOS) or incomplete MC170,171. Similarly, the term 
“paucicellular lymphocytic colitis” has been proposed for patients with 
typical clinical symptoms of MC with increased numbers of colonic IELs 
not fulfilling the diagnostic criteria for LC172. Diverse case reports indicate 
a rare pathological condition characterized by thickening of the subepithe-
lial collagen and formation of pseudomembranes in the absence of C. dif-
ficile infection, which has been called pseudomembranous CC173-175. An-
other rare histopathological form of MC was characterized with giant 
cells, together with typical CC and LC changes176,177. A new form of LC, 
named cryptal lymphocytic coloproctitis, revealed increased numbers of 
IELs in the intestinal crypts rather than the surface epithelium178. 

Etiology and Pathophysiology 
 

Several mechanisms have been proposed to explain the pathophysiology 
of MC, yet no dominant mechanism has emerged. It seems that the clinical 
and histological entity referred to as “microscopic” colitis is multi-
factorial. Currently, both CC and LC are considered to represent specific 
mucosal responses to various internal and external factors in predisposed 
individuals. 

Genetics 
 

Familial cases179 of MC suggest a genetic predisposition, and 12% of 
MC patients show a family history of IBD or celiac disease in a Swedish 
cohort180. Furthermore, human leukocyte antigen (HLA) DQ2 incidence  
was increased in MC patients similar to celiac patients181. In an early 
study, increased HLA A1 and diminished HLA A3 in patients with LC 
were shown compared to controls and CC patients182. Various polymor-
phisms have been revealed in MC patients such as TNF2183, HLA A1182 
and IL‑6184, whereas matrix metalloproteinase (MMP)-9 polymorphism 
has been detected only in CC patients185.  
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Internal and External Factors 
 

Both CC and LC have been suggested to be consequence of a past gas-
trointestinal infection such as Campylobacter jejuni186,187 and a significant 
seasonal pattern in the incidence of LC could also support an infectious 
cause188. An association between Yersinia enterocolitica and CC has also 
been suggested186,189, although a case-control study from USA did not 
show any correlation between MC patients and Yersinia infection190. Pres-
ence of Enteroaggregative E.coli (EaggEC) has been suggested as part of 
the LC pathology191. Moreover, increased production of the antibacterial 
enzyme lysozyme in MC patients suggests a bacterial etiology of MC192. 

Morphological changes, including inflammatory cell infiltration and 
collagen deposition, in MC patients may overlap with bile acid malabsorp-
tion and aggravate diarrhea193,194.  

There is a strong association between medication and MC, in which 
clinical symptoms and colonic histopathological changes disappear upon 
termination of the medication196. The implicated medications include non-
steroidal anti-inflammatory drugs (NSAIDs), β-blockers, histamine-2 re-
ceptor blockers, proton pump inhibitors (PPIs), statins, and bisphospho-
nates. Both CC and LC were associated with use of serotonin-specific 
reuptake inhibitors (SSRIs). CC was also associated with use of NSAIDs, 
whereas use of β-blockers, statins, and bisphosphonates were more com-
monly detected in LC patients155,196-199. The use of these medications may 
affect MC pathogenesis or worsen diarrhea (adverse effect of the medica-
tion)198. Another external factor, smoking, was suggested as an important 
factor in both transient and persistent MC cases in Spain, USA, and Swe-
den200-203. 

Mechanisms of Diarrhea  
 

A variety of mechanisms have been proposed to explain the diarrhea in 
patients with MC. It has been suggested as a secretory type with impaired 
sodium and chloride absorption in CC and LC, and increased secretion of 
chloride in CC patients204,205. Moreover, the severity of the diarrhea in CC 
patients was correlated with the intensity of inflammation rather than the 
thickness of the collagen layer, showing the relation to aberrant immune 
responses206. The down regulation of TJ proteins such as, E-cadherin, zon-
ula occludens (ZO)-1, occludin, and claudin-4 may also contribute to a 
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loss of barrier function, eventually leading to fluid and electrolyte imbal-
ance204,207 

Changes in Immune Responses 
 

Although MC has received much attention from the scientific society 
through different epidemiological and clinical studies, the data examining 
aberrant immune responses are still in early stages. It is well known that T 
cell infiltration plays a major role in MC immunopathology. In our previ-
ous study, proliferation of local resident T cells was suggested rather than 
direct recruitment of recent thymic emigrant to the colonic mucosa based 
on reduced levels of T cell receptor excision circles (TRECs) in both CC 
and LC patients208. Therefore, it is important to focus on local inflamma-
tion in MC in contrast to UC or CD, in which the systemic inflammation 
is observed. CD8+ IEL infiltration was detected in both CC and LC pa-
tients with the most notable increase in LC patients209-212 whereas UC and 
CD show altered CD4+ T cell responses213,214. In contrast, the amount of 
CD4+ T cells was reduced in the LP of both CC and LC patients211. In-
creased expression of CD45RO, an activation/memory marker, was de-
tected in CD4+ and CD8+ IELs by immunohistochemistry211 and flow cy-
tometry212. Moreover, the transcription factor Foxp3, involved in the dif-
ferentiation of Treg of both CD4+ and CD8+ lymphocytes, was also in-
creased in IELs, as well as in the LP of both CC and LC patients compared 
to controls211,215. In addition, the proliferation marker Ki67 was signifi-
cantly overexpressed in both CD4+ and CD8+ IELs and LPLs of CC and 
LC patients compared to controls211,212.  

An early study suggested Th1 response in MC patients due to enhanced 
production of the cytokines IFN-γ, IL-15, and TNF-α, whereas the levels 
of IL-2 and IL-4 were too low to be detected in either CC or LC pa-
tients207. Another study that focused on cytokines in LC patients support-
ed the previous observations with increased mRNA expressions for IFN-γ 
and TNF-α, as well as CXCL8. No significant changes in IL-1β, IL-4, IL-
10 or IL-12/23 were detected in LC patients216. Similar cytokine responses 
were detected in a recent study with increased IFN-γ expression accompa-
nied by enhanced IL-17 levels in MC patients217. A detailed analysis of 
cytokines associated with Th1, Th2, Th17 and Tc1, Tc2 and Tc17 from 
our group showed up regulation of IL-1β, -6, -12, -17A, -21, -22, -23, 
IFN-γ, and TNF-α, which indicated a mixed Th17/Tc17 and Th1/Tc1 
cytokine profile in the mucosa of MC patients218.  
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In addition, innate immune responses in MC patients have shown in-
creased expression levels of NF-κB217,219 and inducible nitric oxide syn-
thase (iNOS) expressed by IECs207,220-222. Reduction in iNOS production 
from CC patients was correlated with clinical and histopathological im-
provement223. Although MC mainly shows T cell infiltration, increased 
numbers of various immune cells such as plasma cells170, eosinophils167, 
mast cells, macrophages224 and neutrophils163 have been observed. These 
are possibly involved in altered immune responses; however, their specific 
roles in MC still remains unknown154. 
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Therapy  
 

Due to lack of a curative agent for MC patients, the initial aim is to 
achieve and maintain clinical remission and improve patient’s quality of 
life. First, in order to eliminate mild clinical symptoms, the treatment gen-
erally starts with anti-diarrheals such as loperamide, bismuth subsalicylate 
or diphenoxylate/atropine160,225. Also, cholestyramine should be considered 
in case of concomitant bile acid malabsorption194. Upon confirmation of 
diagnosis and persistent clinical symptoms, budesonide, a well-
documented locally active corticosteroid is prescribed for 6-8 weeks226,227. 
As the relapse rate is high after withdrawal of budesonide therapy, contin-
uation of low doses of budesonide has been reported efficacious and may 
be safely used long term228. In patients not responding to budesonide, im-
munosuppressive therapy such as azathioprine229 and methotrexate230,231 
may be considered, although there has been limited supportive evidence of 
efficacy in MC therapy. In addition, anti-TNF therapy, infliximab or ada-
limumab, has been prescribed to refractory severe MC cases232,233. In case 
of unresponsiveness to all treatment options above, the last resort may be 
surgical therapy, such as split ileostomy and subtotal colectomy234-236. 
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AIMS 
 

The overall aim of this thesis was to investigate innate and adaptive 
immune responses in the colonic mucosa of microscopic colitis patients. 

 
The specific aims for the papers were the following: 
 
• To investigate innate immune responses via mRNA and miRNA 

expression profiles of IL-1/TLR signaling regulators: IRAK-2, 
IRAK-M, IL-37 and microRNA-146a, -155 and -21 using qRT-
PCR in colonic biopsies of patients with MC and UC, as well as 
their remission counterparts (CC/LC-HR or UC-R) compared to 
non-inflamed controls. 

• To analyze the gene and protein expression profiles of chemokines 
and their receptors in colonic biopsies from MC patients with ac-
tive disease (CC and LC) or clinically active but in histopathologi-
cal remission (CC/LC-HR) compared to each other or non-
inflamed controls using qRT-PCR and Luminex. 

• Using a colon epithelial cell line T84, to examine the impact of 
reduced anti-inflammatory cytokine IL-37 protein levels on chem-
okine gene and protein expressions detected previously in MC pa-
tients using qRT-PCR and Luminex.  

• To explore clonal T cell expansion via analyzing TCRβ chain di-
versity and clonality in colonic biopsies of patients with MC, UC 
and their remission counterparts (CC/LC-HR or UC-R) compared 
to non-inflamed controls using next generation sequencing. 
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METHODOLOGICAL CONSIDERATIONS 
 

In this section, the materials and methods used throughout the thesis 
will be discussed including the rationale of the method choices and diffi-
culties faced during studies. Detailed methodologies are described in the 
corresponding papers. 

 

Microscopic Colitis Patients 
 

The MC patients underwent colonoscopy because of watery diarrhea, 
abdominal pain, and/or weight loss. As changes in the mucosa are not 
visible during endoscopy, MC cannot be diagnosed without microscopic 
examination. Hence, it is called “microscopic” colitis. The routine biopsy 
specimens were taken from different parts of the colon (proximal, trans-
verse and distal colon) and analyzed by an experienced gastropathologist 
(Agnes Hegedus, Dept. of Pathology, Örebro University Hospital). Biopsy 
specimens for the studies were taken from the hepatic flexure of MC pa-
tients and controls. 

During our studies, we encountered a subgroup of patients with the his-
tory of CC or LC diagnosis that came back to the clinic due to ongoing 
clinical symptoms and were asked to undergo a new colonoscopy. Howev-
er, their biopsy specimens were not fulfilling the criteria for CC or LC 
diagnosis, despite their clinical symptoms. Therefore, as we believe they 
are an important part of the disease immunopathology puzzle, we includ-
ed them as clinically active CC/LC patients in histopathological remission 
(CC/LC-HR)212 and compared their immune responses with controls and 
active disease patients (Paper I, II and IV).  

Budesonide is a common treatment option for MC patients; however, it 
has been shown that it affects immune responses226,227,237,238. Therefore, we 
minimized the amount of patients treated with budesonide included in the 
studies (Paper I, II and IV).Three patients with CC, one with LC and two 
patients with LC-HR were treated with budesonide at the time of colonos-
copy, including one CC patient having budesonide treatment 3 days before 
the colonoscopy. They were not an outlier compared to other patients.  

Although the patient biopsy collection was taking place from October 
2008 to August 2015, it still yielded a small cohort of patient groups. The 
colonic biopsies were fresh frozen and stored at -80°C until the experi-
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ments were performed. As mentioned in the introduction section, MC is 
not as rare as believed before154,158,159; however, most of these patients can 
stay in remission with current treatment options, such as 
budesonide223,226,227,233,237. Thus, these patients mostly do not come back to 
the clinic for further colonoscopies. Inclusion of patients based on clinical 
symptoms resembling MC may mislead us, e.g. patients with functional 
diarrhea or IBS. Therefore, only patients with confirmed diagnosis were 
included in our studies. 

 

Ulcerative Colitis Patients 
 

In paper I and IV, we included UC patients as a positive control group 
since UC immunopathology is well described and these patients show 
intense immune responses that may enable us to understand the magnitude 
of immune responses in MC patients. In addition, previous studies showed 
conversion between CC/LC to UC, and vice versa225,239-241. The diagnosis 
of UC relied on well-established diagnostic criteria242. Endoscopic activity 
was assessed at colonoscopy and graded using the Mayo endoscopic sub-
score243. Based on this score, the patients with grade 0 represented an en-
doscopic remission, who visited the clinic for check-ups. The patients with 
grades 1-3 were categorized as an active disease, who were recruited in 
outpatient Gastroenterology clinic in their first visit.  

Similar to MC patients, we minimized the inclusion of UC patients pre-
scribed with immunomodulatory agents (corticosteroids, anti-TNF, aza-
thioprine or cyclosporine)244. The patients included in the studies were 
either treated with 5-aminosalicylic acid (5-ASA) or under no treatment. 

Gene Expression Analyses 

Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR, Paper I-IV) 
 

Polymerase chain reaction (PCR) is a fast and inexpensive technique 
used to amplify isolated DNA segments. Amplified product amount is 
determined by the available substrates in the reaction. A basic PCR re-
quires several components and reagents: DNA template, primers comple-
mentary to 3' ends of sense and anti-sense targets of DNA strand, DNA 
polymerase, deoxynucleoside triphosphates (dNTPs), and a buffer solution 
including magnesium or manganese ions, and potassium ions. The method 
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relies on thermal cycling. First, DNA is melted into two single-stranded 
DNA molecules and then they are re-amplified by enzymatic replication. 
On the other hand, reverse transcription PCR (RT-PCR) reverse tran-
scribes RNA into a complementary DNA (cDNA), which is amplified by 
PCR and widely used to determine the expression of a gene or an RNA 
transcript. The detection of a gene expression profile can also be per-
formed by quantitative real-time PCR, which merges the PCR chemistry 
with fluorescent reporter dyes to monitor amplification of the DNA/cDNA 
products during each PCR reaction cycle245.  

Throughout the thesis, total RNA including miRNAs were isolated us-
ing commercial column based isolation kits. Afterwards, mRNA or miR-
NA expression was selectively amplified using either commercial primer-
probe sets or designed primers with qRT-PCR. Although the qRT-PCR is 
a commonly used method, there were important factors adjusted through-
out the experiments. First of all, an experimental control, i.e. cDNA with 
known housekeeping gene expression profile, was added to the 96-well 
plate set-up to control efficiency of PCRs. Second, the threshold value for 
the fluorescence curve was set manually to the same value for the particu-
lar gene of interest. Last, MilliQ water was used as negative control to 
ensure lack of nucleic acid contaminations.  

During qRT-PCRs performed using patient samples three housekeeping 
genes were included; GUSB (Glucuronidase-β), GAPDH (Glyceraldehyde-
3-phosphate dehydrogenase) and 18S ribosomal RNA for gene expression 
normalization. Non-coding RNAs, RNU6B, RNU44 and RNU48, were 
used for miRNA expression normalization. Thereafter, calculations were 
done by taking the average of these housekeeping genes or non-coding 
RNAs. The main reason to include three housekeeping genes or non-
coding RNAs was variations in expression profiles between the patient 
samples and three of them were chosen according to our previous experi-
ences218. In paper III the experiments were performed using an intestinal 
epithelial cell line, T84. There GAPDH was the most stable housekeeping 
gene compared to GUSB and 18S. 

In paper III, there were no pre-designed and validated primer-probe sets 
for TCRβ-V and -C gene segments. Therefore, degenerate forward primers 
were designed to cover all TCRβ-V gene segments known (V1-V5). Two 
constant gene segments were defined for TCR-β (C1 and C2), whose pri-
mers were published in a previous study246. The optimization of these pri-
mers was done combining each forward primer with a reverse primer (V1-
C1, V1-C2…. V5-C2). In order to optimize PCR settings, after each reac-
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tion, the PCR products were checked using agarose gel electrophoresis, in 
which different PCR settings were compared. After this optimization step, 
the primers were re-designed with the tail sequences defined by Illumina, 
which required well-designed primers. However, the primer sizes increased 
from 20bp to 50bp, which caused primer dimers or unspecific PCR prod-
ucts observed in agarose gel electrophoresis. Despite the adjustments in 
primer concentrations or PCR settings, the unspecific PCR products were 
still detected. One solution for this obstacle would be not only to visualize 
the samples using agarose gel electrophoresis but also to extract the posi-
tive PCR products. However, this would be extremely time-consuming as 
there were 110 samples included and each sample had 10 different sepa-
rate PCR products. Therefore, including MilliQ water as a negative con-
trol became crucial for further steps of the study when next generation 
sequencing (NGS) was performed. 

 

Next Generation Sequencing (Paper IV) 
 

Nucleic acid sequencing refers to determining the order of nucleotides 
in a stretch of DNA or RNA. NGS technologies enable high-throughput 
sequencing of DNA or RNA samples in parallel in a very short time. The 
main reason to use NGS in paper IV was to detect all possible known 
TRBV-BJ gene combinations in patient samples, which would not be pos-
sible by qRT-PCR due to impracticality to prepare one primer-probe set 
for each TRBV gene segment. In addition, we were able to analyze both 
TRBV and BJ gene segments from the same sample without further sepa-
rate PCR to detect TRBJ gene segment247. Another option to analyze 
TCRβ was multiplex PCR used to diagnose leukemia and lymphoma248, 
which was limited to the chosen diagnostic clones including 32 TRBV and 
13 TRBJ gene segments.   

In paper IV, we used a Miseq NGS platform, hence we designed for-
ward and reverse primers according to Illumina’s instructions and ampli-
fied cDNA samples from MC, UC and controls (described in qRT-PCR 
section). Use of pre-amplified PCR products is called amplicon sequencing, 
which allows a targeted sequencing. After first PCR, the PCR products 
were cleaned up using solid-phase reversible immobilization (SPRI) 
beads249, which are made of a carboxyl-coated magnetic particle that can 
reversibly bind DNA or cDNA in the presence of polyethylene glycol 
(PEG). The advantage of using AMPure XP beads is the removal of major 
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primer dimers in the samples (less than 100 bp). Thereafter, the samples 
were re-amplified again using index primers designed by Illumina in Nex-
tera XT library preparation kit, which allows labeling of the samples and 
their recognition by an Illumina sequencer, as well as generating and in-
creasing the amount of PCR products for sequencing250. In a standard 
thermocycler, Nextera XT kit including a modified Tn5 transposon 
sheared DNA simultaneously and then introduced short adapters (indexes) 
that were pre-complexed to the transposon. Next step was to quantify 
concentration of the library, which was performed using a Qubit dsDNA 
BR assay kit and an Agilent High Sensitivity DNA kit. Qubit allows us to 
quantify double stranded DNA (DNA or cDNA) concentration using a 
Qubit 2.0 Fluorometer. Compared to wavelength-based spectrophotomet-
ric measurements, such as Nanodrop, Qubit selectively measures 
DNA/cDNAs via labeling with fluorescence, whereas Nanodrop measures 
not only DNA but also common contaminants, such as RNA, salts, free 
nucleotides, solvents, detergents, or proteins, which eventually may be 
misleading. Second, we used Agilent’s High Sensitivity DNA kit to esti-
mate average base size in the samples, which cannot be detected using 
agarose gel electrophoresis due to the limited resolution compared to the 
kit. Those two quantification methods were important to further calculate 
molarity in the samples with the formula: 𝑥𝑥 = concentration/((660 g/
mol x average size))  × 106. According to the calculations, the samples 
were further diluted to 4 nM using 10 mM Tris-HCl buffer. Thereafter, 
the same volume (10 μl) was taken from each sample and pooled together. 
According to Illumina’s instructions, the pooled library was diluted into 
the highest final concentration, 10 pM, which was denatured to single 
strands by incubation with NaOH to allow efficient hybridization of the 
template strands to the olignucleotides attached to polymer-coated glass 
surface of a flow cell. In addition, a positive control (Phix control) to ob-
serve efficiency of the sequencing was added. Last, Phix control was com-
bined with the pooled library and directly loaded onto the Miseq sequenc-
er cartridge. The choice of sequencing kit is a crucial step depending on 
the aim of the study. In this study, we used 600 cycles paired-end sequenc-
ing, which enabled us to sequence 300 bp from 3' and 300 bp from 5' 
ends simultaneously to cover the cDNA strands as long as possible. Subse-
quent paragraphs summarize Illumina’s sequencing process: 

 
Hybridization and Extension: As a result of the PCR with tail-primers 

(forward and reverse primers), the templates were recognized complemen-
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tarily by the flow cell primers in both 3' and 5' ends. Thereafter, the tem-
plates were amplified by a Phusion DNA polymerase generating a reverse 
complementary strand of the original template on the flow cell surface. 
The original template strand was removed by NaOH.  

 
Cluster Amplification: Each newly generated strand was complemen-

tary to the primer on the flow cell surface and could be hybridized again. 
Using Bst polymerase, a double-stranded product was re-generated and 
denatured again by formamide resulting in two single strands. The free 
end of each strand annealed to another primer on the flow cell. Eventual-
ly, repeated cycles of annealing, extension and denaturation resulted in a 
cluster of approximately 1000 strands derived from the same original 
template strand. 3' ends of both extended and unextended flow cell pri-
mers were blocked by dideoxyribonucleotides to reduce background noise 
in the sequencing reactions. 

 
Sequencing-by-Synthesis: Amplified products formed a cluster of am-

plicons, which were then used again as templates for sequencing-by-
synthesis by fluorescent reversible-terminator deoxyribonucleotides251 and 
detected by the sequencer. Eventually, the technique yielded 25 million 
reads per flow cell after approximately 55h of run with fast and with a 
low average cost compared to Sanger sequencing.  

 
Next Generation Sequencing Data Analysis: The deep sequencing was 

performed with default settings of paired end and adapter trimming, 
which enabled us to eliminate tail and index sequences. Still, the raw MiS-
eq sequence data were required to be pre-processed using cutadapt to 
eliminate some adapter sequences still present in the raw sequence data, 
and to filter out very small reads (< 30 nucleotides) to eliminate sequenced 
primer dimers, which we observed in the negative control. Pre-processed 
data were further analyzed using MiXCR software, which aligned paired-
end reads and aggregated the information from Vβ, Dβ, Jβ, and Cβ seg-
ments according to GenBank252,253. The software further assembled identi-
cal and homologous reads into TCRβ clone types. The results from 
MiXCR analysis were further analyzed using tcR, an R package for T-cell 
receptor repertoire advanced data analysis, which is linked to the IMGT 
database254. Due to extensive nibbling during recombination events, many 
D gene segments usually cannot be classified255, thus we focused on TCRβ-
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V-J (TRBV-BJ) segments for detecting the alterations in TCRβ clonality 
and diversity. 

Protein Analyzing Methods (Paper II and III) 
 

When the colonic biopsies from patients were used (Paper II), the biop-
sies were mechanically homogenized with steel beads in a commercially 
available lysing buffer (Radioimmunoprecipitation assay buffer, RIPA), 
containing a 1:100 protease inhibitor cocktail, which was a crucial step to 
ensure efficient cell lysis. Similarly, T84 colon epithelial cells were lysed in 
RIPA buffer containing a 1:100 protease inhibitor cocktail for 45-60 min 
at 4°C. Thereafter, the homogenates were centrifuged, which decreased 
the viscosity, especially caused by mucosal tissues. In addition, the samples 
were further diluted to decrease viscosity. The following parts in this sec-
tion explain the methods used to analyze protein abundance or presence in 
colonic mucosal tissues or T84 colon epithelial cells. 

Flow Cytometry (Paper III) 
 

Flow cytometry is a technique that enables individual measurements of 
optical and fluorescence characteristics from a single cell or its compo-
nents. Inside a flow cytometer, cells in a suspension are drawn into a 
stream by a sheath fluid allowing cells to pass individually. When a cell 
reaches the interrogation point, a beam of monochromatic light from a 
laser intersects the cell. Physical properties of the cell are detected, such as 
size represented by forward angle light scatter and internal complexity 
represented by a side angle scatter, which are converted into an electrical 
pulse and can define different cell populations in a mixed cell population. 
In addition, another laser beam(s) is used as a light source, which excites a 
fluorescent tag, i.e. antibodies covalently attached to a fluorochrome 
bound to a cell for targeted detection. When a fluorochrome is excited by 
the laser light, its energy is raised from a ground state to an excited state. 
As the fluorochrome lowers the energy it emits light at a higher wave-
length. Use of multiple fluorochromes with similar excitation wavelengths 
but different emission wavelengths (colors) enables detection of several cell 
properties simultaneously. Emitted lights are collected via optics directing 
the light to optical filters. Thereafter, the light signals passed through the 
filters are detected by photomultiplier tubes (PMTs) and converted into 
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electrical signals. Eventually, these electrical signals are amplified and 
digitalized using analog to digital converters256. 

Flow cytometry was used to identify TLR expression on the cell surface 
of intestinal epithelial cells, T84. The cells were stained either with anti-
TLR2 conjugated with Alexa Flour 488, TLR4 conjugated with brilliant 
violet (BV) 786 or TLR5 conjugated with Alexa Flour 647. Cells were also 
stained with isotype controls, which are primary antibodies with no rele-
vant specificity to the target antigen. They are used as negative controls to 
eliminate unspecific fluorochrome binding and to monitor non-specific 
background signal. In addition, isotype controls were chosen according to 
immunoglobulin (Ig) types used in anti-TLR antibodies. In order to avoid 
clogging of flow cytometer during data acquisition, 2% EDTA was added 
to the cell solution. 

 

Enzyme-linked Immunosorbent Assay (ELISA, Paper III) 
 

Enzyme-linked immunosorbent assay is a biochemical assay method to 
detect and quantify substances, such as peptides, protein or antibodies. 
There are various ELISA types developed, direct ELISA, indirect ELISA, 
competitive ELISA, and sandwich ELISA. In paper III, the sandwich ELI-
SA was used to detect protein concentration from cell lysate or cell culture 
media. Sandwich ELISA involves attachment of a capture antibody to a 
solid phase support (96-well plates), which captures the antigen of inter-
est. After, a specific antibody binding to the antigen is added; hence the 
antigen is stuck between two antibodies like a sandwich. Enzyme-linked 
secondary detection antibody is applied, which is commonly horseradish 
peroxidase, alkaline phosphatase or β-D-galactosidase. These enzymes 
catalyze the hydrolysis of a chromogenic substrate added to the reaction, 
which undergoes a colorimetric change measured by a spectrophotometric 
plate reader at a specified wavelength. Detection of the antigen concentra-
tion is calculated according to the standard curve of the known amount of 
antigens since the optical density (O.D.) value of the sample corresponds 
to a concentration value. 

In paper III, IL-37 or CXCL8 in cell media were detected using sand-
wich ELISA, detection limits were 31.2 - 2000 pg/ml. In order to reach 
higher detection sensitivity of intracellular IL-37 from cell lysate, another 
IL-37 ELISA kit was used, which had lower detection limits: 10 – 1000 
pg/ml. The higher sensitivity was required to ensure detection of IL-37 
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from cell lysate since intracellular protein levels were lower than secreted 
proteins detected in the cell media.  

 

Luminex (Paper II and III) 
 

Luminex xMAP technology combines principles of ELISA and flow cy-
tometry. It is based on polystyrene or paramagnetic beads, which are in-
ternally dyed with a graded mixture of red or infrared fluorescent dyes. 
Each bead is conjugated to a protein-specific capture antibody and is given 
a unique number, or bead region, allowing the differentiation of individual 
beads. Multiple analyte-specific beads can then be combined in a single 
well of a 96-well microplate assay format to detect and quantify simulta-
neously. Biotinylated detection antibodies are added to the analytes bound 
to a capture antibody, which forms an antibody-antigen sandwich. The 
reaction mixture is then incubated with streptavidin-phycoerythrin, which 
binds to the biotinylated detector antibodies. Thus, it is possible to differ-
entiate the analyte type according to internally dyed beads, while quantify-
ing their relative abundance based on the fluorescence of reporter dye-
conjugated detection antibodies. The microsphere-analyte-reporter dye 
compound is analyzed in a single bead suspension through a flow chamber 
equipped with excitation lasers and detectors similar to flow cytometry. 
When a microsphere passes through the detection chamber, a red laser 
excites red or infrared dyes allowing classification of the bead. A green 
laser then excites the reporter dye associated with the analyte of interest, 
which is correlated to the amount of analyte found in the biological sam-
ple added. The emitted lights from the dyes are measured and converted 
into electrical signals analyzed by a Luminex reader257. 

Luminex has several advantages over ELISAs. First of all, Luminex ena-
bles multiplexing of different analytes in a single well with a small sample 
volume (25 µl), whereas ELISA can measure one analyte at a time with 
higher sample volume (50-100 µl). Luminex generates high-throughput 
real-time analysis. Also, Luminex allows measurements with very low (3.2 
pg/ml) to very high (10,000 pg/ml) concentration range. Although ELISA 
kits can measure as low as 0.01 pg/ml, it can only measure up to 3000 
pg/ml, which may cause problems if the dilutions are not properly done in 
the biological samples with high analyte concentrations. Although the 
Luminex allows us to analyze up to 100 targets, using more than 10 ana-
lytes simultaneously may cause difficulties to get sufficient minimum bead 
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counts (50 beads/analyte). In addition, even if the technique allows cus-
tomizing different beads for analytes of interest, they are not always avail-
able due to red or infrared wavelengths set by the companies for each kit. 
They may counteract with each other due to having the same wavelengths. 
Also, not every analyte of interest can be found in Luminex kits, whereas 
ELISA kits generally have more options. 

Briefly, Luminex was performed in paper II to detect protein expres-
sions from homogenates of colonic biopsies, which was optimized previ-
ously by our group218. In paper III, the cell culture media were used to 
analyze secreted chemokine protein. In both paper II and III, the media or 
homogenates were incubated over night with the magnetic beads against 
chemokines to ensure binding efficiency. 

 

Western Blot (Paper III) 
 

Western blot is a commonly used method to identify specific proteins 
from a mixture extracted from biological samples. The technique is based 
on 3 main steps: separation by molecular weight, transferring to a solid 
support, and labeling the protein of interest using primary and secondary 
antibodies. Western blot requires using the same amount of total protein 
samples, which can be measured by spectrophotometry. The samples are 
diluted into a loading buffer containing glycerol, a tracking dye bromo-
phenol blue and anionic sodium dodecyl sulfate (SDS). Thereafter, the 
sample is heated to denature the structures and overlay the charges of the 
proteins with SDS detergent. Separation by size is performed using two 
agarose gel types: low polyacrylamide content stacking gel (allowing pro-
teins to form defined bands) and high polyacrylamide content resolving gel 
(separating cells by molecular weights) migrating by electrophoresis. In 
addition to the samples, a molecular weight marker is added to enable the 
determination of the protein size and separation. The separated protein 
mixture is then transferred to a nitrocellulose membrane by blotting in an 
electrical field. Thereafter, the membranes are incubated with primary 
antibodies targeting the protein of interest in a solution with nonfat dried 
milk or bovine serum albumin to prevent antibodies from nonspecific 
binding to the membrane. Thereafter, the membrane is exposed to en-
zyme-conjugated secondary antibodies, which binds to the primary anti-
body. A substrate generates colored visible protein bands via enzymatic 
reactions with either alkaline phosphatase or horseradish peroxidase, 
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which can be measured using densitometry. In addition to the target pro-
tein detection, loading control, namely house-keeping proteins, should be 
included especially if the protein amounts in each lane are quantified258. 
The primary advantage of Western blot is specificity and sensitivity. In 
contrast to ELISA, not only the amount but also the molecular size of the 
protein can be detected to ensure true detection of the protein. However, 
Western blot is a time-consuming method compared to ELISA and de-
mands various optimizations in the experimental setup.  

In paper III, Western blot was used to analyze endogenous IL-37b pro-
tein expressions from a cell lysate. Since we wanted to confirm reduction 
in IL-37 protein expression in our samples, Western blot enabled us to 
visualize and detect mature IL-37b based on molecular size and antibody 
specificity, whereas ELISA may detect not only mature IL-37 but also its 
precursor form, which was required when total IL-37 amount was ana-
lyzed. In Western blot, suitable antibody selection was the most crucial 
step. The first anti-IL-37b antibody tested gave unspecific bands despite 
using different antibody dilutions it. The second IL-37b antibody tested 
showed the right specific band size. Since GAPDH was used as housekeep-
ing gene in the qRT-PCR analysis, anti-GAPDH was used also as a load-
ing control.  

 

Cell Culturing 
 

The human epithelial colorectal carcinoma cell line, T84 was used in 
paper III. Gentamicin and fetal bovine serum (FBS) were only used when 
the cells were cultured for growth, whereas in the experiments we ob-
served that gentamicin or FBS could affect the results so they were not 
added. T84 cells were chosen over another colon epithelial cell line, Caco-
2 cells due to fast grow rate (3-4 days for 70-90% confluence) and yield-
ing high number of cells (10 -15x106 cells from T75 culture flasks). How-
ever, T84 cells were not suitable for lipid based transfection methods, such 
as Lipofectamine, which was highly toxic, whereas Caco-2 cells were more 
suitable for this transfection method. Therefore, electrophoresis by short-
pulse electric current was performed using an Amaxa Cell Line Nu-
cleofector Kit T for T84 cells in a Nucleofector II Device. First, T84 cells 
were transfected with green fluorescent protein (GFP) using electrophore-
sis and the transfection efficiency was monitored by counting cells that 
produced GFP after 24h of transfection. Compared to liposome based 
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delivery, the electrophoresis gave the highest yield of transfection (~60-
70% of total), estimated according to the manufacturer’s instructions and 
we did not perform further optimizations. 

CRISPR/Cas9 System (Paper III) 
 

Currently, a newly developed RNA-guided endonuclease technology for 
genome engineering is the Type II clustered regularly interspaced short 
palindromic repeats (CRISPR)/CRISPR-associated (Cas) protein 9 system. 
CRISPR/Cas was discovered as an acquired immune response in bacteria 
and archaea against viruses and phages whose DNA was recognized using 
CRISPR RNA (crRNA) and cleaved by Cas-nucleases259,260. In the endoge-
nous CRISPR/Cas9 system, mature crRNA is combined with trans-
activating crRNA (tracr-RNA) forming a complex of tracr-RNA:crRNA 
which guides Cas9 to the target site and eventually causes double-strand 
breaks (DSB). Cas9 is targeted to specific locations in the genome by 20-
24 nucleotide guide RNA (gRNA), a chimeric RNA containing all essen-
tial crRNA and tracrRNA components and 2-4 nucleotides protospacer 
adjacent motif (PAM) sequences at the target site259. DSBs lead to two 
major repair mechanisms, non-homologous end-joining (NHEJ) or ho-
mology directed repair (HDR). The common repair mechanism is NHEJ, 
which causes insertion or deletion of nucleotides (indels) and thereby is 
highly error prone and causes production of a non-functional protein259,260. 

Firstly, we designed single guide RNA (sgRNA) targeting IL-37 gene us-
ing the CRISPR/Cas9 system. The plasmid contained a puromycin re-
sistance gene. Due to toxicity of puromycin, only cells transfected with 
CRISPR/Cas9 plasmid can grow. However, as puromycin treatment af-
fected cell growth negatively, over 50% confluency was not observed until 
after two weeks of culture. To exclude possible effects of transfection, the 
cells transfected with IL-37sgRNA were compared to cells transfected with 
plasmids without IL-37sgRNA constructs (TFneg cells). Since the presence 
of Cas9 protein transcribed from CRISPR/Cas9 led to alterations in chem-
okine gene and protein expressions, we only compared the results of IL-
37sgRNA with TFneg cells, which was required to avoid misleading inter-
pretations of IL-37 regulatory role. In these experiments, we had a mixed 
pool of IL-37sgRNA transfected cells, thus we were not able to detect 
reduction in IL-37 protein expression on a single cell level. To generate a 
cell population arisen from one cell type, a single cell culture must be per-
formed. However, the epithelial cell growth is dependent on population 
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density, cell-to-cell interactions or molecules secreted from neighboring 
cells, thus this may not be suitable for the T84 cell line.  

Another method to study the functional role of IL-37 was to knock-
down IL-37 mRNA expression using small interfering RNA (siRNA). 
siRNA is a synthetic 20-25 bp RNA duplex targeting mRNA of interest 
for degradation, resulting in suppressed protein translation. The first step 
is dsRNA degradation into siRNA by an RNase III-like activity. Thereaf-
ter, siRNA joins to the RISC complex, which acts on the cognate mRNA 
and degrades it261. Although targeting IL-37 mRNA was successful, T84 
cells produce the IL-37 precursor, which is cleaved upon TLR signaling. 
Mature IL-37b suppressed transcription of cytokines and chemokines 
intracellularly. Hence, we were not able to detect any significant changes 
related with IL-37 knock-down. In addition, siRNA is a short-lived mole-
cule, i.e. after maximum 5-7 days, the siRNA would be diminished in the 
cell and we would not see any affect afterwards262. Therefore, using siR-
NA would have been beneficial if IL-37 had been transcribed only upon 
TLR signaling. Thus, the transcription to IL-37 protein had likely been 
suppressed more successfully. Altogether, we were not able to see the ef-
fect of IL-37 using siRNA. We chose to use the CRISPR/Cas9 system to 
observe effects of IL-37, which has multiple advantages over siRNAs. First 
of all, the CRISPR/Cas9 system inactivates genes at the DNA level and 
therefore allows studying phenotypes requiring loss of gene function. Us-
ing siRNA allows only partial suppression of mRNA expressions, and it 
may cause perturbation of unintended genetic elements, called off-target 
effects263. Moreover, siRNA requires components of endogenous elements 
in the cell used for miRNA activation, such as Dicer and the RISC com-
plex, whereas the CRISPR/Cas9 system only requires a successful delivery 
of the plasmid into the cell as it contains the enzyme (Cas9) for its own 
function264. The major advantage of the CRISPR/Cas9 system is that the 
targeted mutations are irreversible, so that a new cell line can be estab-
lished, whereas siRNA effect is temporary.  
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Statistical Analyses 
 

In paper I and II, all data were not normally distributed so they were 
expressed as median, in which the Mann-Whitney two-tailed test was 
performed for analysis of statistical differences between two groups with 
statistical significance set at p≤0.05. Statistical outliers were any points 
found below first quartile (Q1) −1.5 × interquartile range (IQR) and above 
Q3 + 1.5 × IQR. They were not included in the statistical analyses. 

In paper III, comparisons between two groups were performed using 
un-paired t-test with statistical significance set at p≤0.05.  

In paper IV, the diversity and clonality of TRBV-BJ clones were ana-
lyzed via Shannon entropy diversity measure, Jensen-Shannon evenness 
analysis and Principal Component Analysis (PCA). Shannon entropy di-
versity explains richness of the clone types are found in a population, 
whereas Jensen-Shannon evenness shows how evenly these clones are dis-
tributed in a population265. To detect TRBV-BJ clones discriminating two 
groups, we used univariate analyses (Welsh t-test), as well as supervised 
multivariate analysis (Sparse Partial Least Squares (sPLS) regression266), 
including analysis of variable importance.  
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RESULTS AND DISCUSSION 
 

This section provides a brief overview and discussion of the main find-
ings of the studies. The results are schematically summarized at the end of 
this section (Fig 5). The detailed descriptions of the results are presented in 
the corresponding papers I-IV.  

 

Differential Expression of IL-1/TLR Signaling Regulators in Mi-
croscopic and Ulcerative Colitis (Paper I) 
 

The recognition of microbial products by TLRs is an important step in 
the first line defense of the innate immune system, resulting in expression 
of co-stimulatory molecules, cytokines, and chemokines267. Unsuitable 
TLR signaling activation, duration, or magnitude may however mediate 
detrimental effects as seen in chronic diseases268. In the first paper, we 
analyzed IL-1/TLR signaling regulators from whole colonic biopsies of 
MC, UC and controls, as well as their corresponding histopathological 
remission (CC/LC-HR or UC-R) using qRT-PCR and the results are sum-
marized in Fig 4.  

First, we focused on IRAK-M and miR-146a gene expression levels, 
which are upregulated by TLR stimulations. IRAK-M negatively regulates 
other IRAKs44,45,269,270, and miR-146 regulates IRAKs and TRAF-6 at the 
mRNA expression level271. We observed similar upregulation patterns of 
IRAK-M and miR-146a expressions in the same patient groups, i.e. LC-
HR and UC patients compared to controls, as well as UC patients com-
pared to UC-R patients. In contrast we did not observe any significant 
changes in CC, CC-HR or LC patients compared to controls. The regula-
tion of IRAK-M and miR-146a expressions may have a common denomi-
nator and may be upregulated with enhanced contact with gut microbiota 
as observed in UC pathology. 

miR-155 enhances the TLR signaling pathway via suppressing mRNA 
expression of TLR signaling inhibitors, SHIP-1 and SOCS-180,272, whereas 
miR-21 dampens the TLR signaling response via inhibiting miR-155 
through IL-1072. Significantly increased expressions of miR-155 and miR-
21 were observed in patients with CC, LC-HR, and UC patients compared 
to controls. miR-155 may contribute the chronicity of inflammation, and 
in turn miR-21 expression may be increased in order to suppress enhanced 
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miR-155 expression. According to the results of IRAK-M, miR-146a, -
155, and -21, CC and LC were further promoted as two different entities 
of MC212,273. 

Finally, we investigated gene expression of an anti-inflammatory cyto-
kine, IL-37, which inhibits the production of TLR induced cytokines and 
chemokines at the post-transcriptional level59. IL-37 mRNA expression 
was significantly reduced in both CC and LC patients compared to con-
trols. In addition, a trend towards decreased expression in UC patients 
was detected compared to controls. In contrast, UC-R patients had signifi-
cantly increased IL-37 mRNA levels compared to both controls and UC 
patients. We did not observe any significant changes in CC-HR or LC-HR 
patients compared to controls or active disease patients (CC or LC). Alto-
gether, the results indicate a protective role of IL-37 to restrict the in-
flammation and promote the remission.  The low IL-37 expression in MC 
and UC patients may be one of the reasons to the chronicity of the colonic 
inflammation.   

 

Figure 4. Summary of the results from paper I. CC: Collagenous colitis; 
CC-HR: clinically active collagenous colitis patients in histopathological 
remission; LC: lymphocytic colitis; LC-HR: clinically active lymphocytic 
colitis patients in histopathological remission. ↑ Increase and ↓ decrease in 
gene expression levels compared to controls. The figure is published with 
the permission of the publisher. 
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Enhanced Levels of Chemokines and Their Receptors in the Co-
lon of Microscopic Colitis Patients Indicating a Mixed Immune 
Cell Recruitment (Paper II) 
 

Chemotaxis specificity depends on both type of chemokines and their 
corresponding receptors expressed by immune cells94. Thus, dysregulation 
in the expression of chemokines and/or receptors may lead to pathogenesis 
in different chronic inflammatory disorders. The results from immuno-
histochemistry, colonic biopsies of LC and CC patients showed mixed 
inflammatory cell infiltrations in the LP, including T and B lymphocytes, 
eosinophils, neutrophils, plasma cells, mast cells, and 
macrophages211,224,274-276, whereas analysis of chemokines and their recep-
tors associated with these immune cells were limited to CXCL9 and 10 in 
three LC patients277. The results from this paper are summarized in Table 
1. 

First, we focused on chemokines and their corresponding receptors in-
volved in Th1 and CD8+ T cell recruitments. mRNA expressions of 
CXCL9, 10, 11 and CX3CL1 and protein expressions of CXCL10 and 
CX3CL1 were analyzed. CC and LC patients showed significantly in-
creased CXCL9, 10, 11 and CX3CL1 mRNA expressions, as well as 
CXCL10 protein expression compared to controls, similarly LC-HR pa-
tients had increased CXCL9, 11 and CX3CL1 gene expressions. In con-
trast, CC-HR patients had decreased gene expression levels compared to 
CC patients. CXCL9, 10 and 11 bind to a common receptor, CXCR3278, 
whereas CX3CL1 binds to its receptor CX3CR184. We detected significant-
ly upregulated mRNA levels of CX3CR1 in CC, CC-HR and LC-HR pa-
tients compared to controls. On the other hand, CXCR3 gene expression 
was only increased in CC patients in comparison to CC-HR. These chang-
es may be correlated with the previously observed CD8+ T cell infiltra-
tions84,279,280 in the epithelium and the LP of CC and LC patients but not 
Th1 cells due to decreased numbers of CD4+ T cells, which has been re-
ported by us previously211,212.   

The neutrophil recruiting CXCL8 showed enhanced gene and protein 
levels in CC and LC patients compared to controls. mRNA levels of the 
CXCL8 chemokine receptors CXCR1 and 2 were upregulated in all pa-
tient groups compared to controls. These results suggest an important role 
for neutrophil infiltration, which has been observed in the LP of MC pa-
tients160,281. 
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In IBD patients increased CCL2 expression has been correlated with 
disease activity, mainly in areas of epithelial cell damage; in addition 
CCL2 recruits Treg cells96. Increased CCL2 gene and protein expressions 
in CC, LC, and LC-HR patients compared to controls may also correlate 
with epithelial cell damage in MC immunopathology, as well as increased 
numbers of Treg cells in the LP160,215. 

Monocytes and macrophages are recruited by the chemokines, CCL3, 
CCL4, CCL5, CCL7 and CCL2284,99,282,283. In addition, CCL4, CCL5 and 
CCL7 recruit eosinophils. CCL5 also attracts Treg cells, whereas CCL7 
can be involved in neutrophil recruitment84,99,282,283. Our results showed 
significantly increased gene (CCL3, 4, 5, and 22) and protein (CCL3 and 
4) expressions in CC and LC patients compared to controls. Similarly, LC-
HR patients had significantly increased CCL22 gene and CCL3 and 7 
protein expression levels compared to controls, whereas CC-HR patients 
had normalized values for the chemokines analyzed. Although these 
chemokines can attract different types of immune cells, our results can be 
correlated with previous studies which observed increased numbers of 
eosinophils and neutrophils160,238,275,281,284. Furthermore, infiltration of 
inflammatory macrophages285 in MC immunopathology can be supported 
according to our previous observations of high IL-23 production218.  

Chemokine receptors are differentially expressed in different leukocyte 
types, which can bind to more than one type of chemokine. In addition, 
each leukocyte can express more than one chemokine receptor on the cell 
surface84. CCR2, the chemokine receptor of CCL2, CCL5, and CCL795,286, 
showed increased gene expression only in CC patients compared to con-
trols. In contrast CCR3, binding CCL4, CCL5, and CCL798,287,288, had 
increased gene expression in all patient groups compared to controls. 
CCR4, interacting with CCL2298,287, gene expression was significantly 
upregulated in CC, LC and LC-HR patients compared to controls, where-
as CC-HR patients had significantly decreased mRNA levels compared to 
CC patients. Together with the results from their chemokine ligands, these 
results further support a role of Treg cells, eosinophils and macrophages in 
MC immunopathology.  

Altogether, these results suggest an important immunomodulatory role 
of upregulated chemokines and their receptors involved in recruitments of 
CD8+ T cells, Treg cells, neutrophils, eosinophils, and macrophages de-
tected in both the epithelium and the LP in CC and LC patients. Interest-
ingly, LC-HR patients showed similarities with LC patients, whereas CC-
HR patients had almost normalized expression patterns. The contrasting 
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expression patterns in CC and LC patients in histopathological remission 
(CC/LC-HR) further support the hypothesis of CC and LC being different 
entities. 
 

 
 

 
Chemokines 

 
CC 

 
CC-HR 

 
LC 

 
LC-HR 

Associated  
leukocyte 
type 

CCL2 mRNA↑ 
Protein↑ 

mRNA↔ 
Protein↓ 

mRNA↑ 
Protein↑ 

mRNA↑ 
Protein↑ 

Treg cells 

CCL3 mRNA↔ 
Protein↑ 

mRNA↓ 
Protein↔ 

mRNA↑ 
Protein↑ 

mRNA↔ 
Protein↑ 

Monocytes, 
macrophages 

 
CCL4 

 
mRNA↑ 
Protein↑ 

 
mRNA↓ 
Protein↓ 

 
mRNA↑ 
Protein↑ 

 
mRNA↓ 
Protein↓ 

Monocytes, 
macrophages, 
and eosino-
phils 

 
CCL5 

 
mRNA↔ 
Protein↔ 

 
mRNA↔ 
Protein↔ 

 
mRNA↑ 
Protein↔ 

 
mRNA↔ 
Protein↔ 

Treg cells, 
eosinophils 
and macro-
phages 

 
CCL7 

mRNA↔ 
Protein↔ 

mRNA↔ 
Protein↔ 

mRNA↑ 
Protein↔ 

mRNA↔ 
Protein↑ 

Monocytes, 
macrophages 

CCL22 mRNA↑ mRNA↓ mRNA↑ mRNA↑ Macrophages 

CXCL8 mRNA↑ 
Protein↑ 

mRNA↔ 
Protein↔ 

mRNA↑ 
Protein↑ 

mRNA↔ 
Protein↔ 

Neutrophils 

CXCL9 mRNA↑ mRNA↓ mRNA↑ mRNA↑ CD8+ T cells 

CXCL10 mRNA↑ 
Protein↑ 

mRNA↓ 
Protein↓ 

mRNA↑ 
Protein↑ 

mRNA↑ 
Protein↔ 

CD8+ T cells 

CXCL11 mRNA↑ mRNA↓ mRNA↑ mRNA↑ CD8+ T cells 

CX3CL1 mRNA↑ 
Protein↔ 

mRNA↓ 
Protein ↔ 

mRNA↑ 
Protein↑ 

mRNA↑ 
Protein↔ 

CD8+ T cells 

 
Table continues on the next page. 
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Chemokine 
receptors 

CC CC-HR LC LC-HR Expressed by 

 
CCR1 

 
mRNA↔ 

 
mRNA↔ 

 
mRNA↔ 

 
mRNA↔ 

Eosinophils 
and macro-
phages 

 
CCR2 

 
mRNA↑ 

 
mRNA↔ 

 
mRNA↔ 

 
mRNA↔ 

Treg cells, 
neutrophils, 
eosinophils, 
and macro-
phages 

 
CCR3 

 
mRNA↑ 

 
mRNA↑ 

 
mRNA↑ 

 
mRNA↑ 

Treg cells, 
neutrophils, 
and eosino-
phils 

 
CCR4 

 
mRNA↑ 

 
mRNA↓ 

 
mRNA↑ 

 
mRNA↑ 

Treg cells,  
eosinophils, 
and macro-
phages 

CCR5 mRNA↔ mRNA↔ mRNA↔ mRNA↔ Treg cells and 
macrophages 

CXCR1 mRNA↑ mRNA↑ mRNA↑ mRNA↑ Neutrophils 

CXCR2 mRNA↑ mRNA↑ mRNA↑ mRNA↑ Neutrophils 

CXCR3 mRNA↔ mRNA↓ mRNA↔ mRNA↔ CD8+ T cells 

CX3CR1 mRNA↑ mRNA↑ mRNA↔ mRNA↑ CD8+ T cells  

Table 1. Summary of results from paper II. CC: Collagenous colitis; CC-HR: 
clinically active collagenous colitis patients in histopathological remission; LC: 
lymphocytic colitis; LC-HR: clinically active lymphocytic colitis patients in his-
topathological remission ↑ Increase, ↓ decrease and ↔ no change. Compared to 
controls, green boxes: Increased mRNA and/or protein expressions; red boxes: 
decreased mRNA and/or protein expressions, blue boxes: increased mRNA but 
no change in protein expressions; white boxes: no change in mRNA or protein 
expression. 
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Reduced Interleukin-37 Production Increases Spontaneous 
Chemokine Expression in Colon Epithelial Cells (Paper III) 
 

In this study, the results from paper I and II were further analyzed in an 
epithelial cell line model, T84. That is, how can reduced IL-37 gene ex-
pression in both CC and LC patients compared to controls affect the pro-
duction of chemokines from intestinal epithelial cells in the disease? 

IL-37 protein levels were reduced by 20% in cells using the 
CRISPR/Cas9 system with a sgRNA targeting the IL-37 gene (IL-
37sgRNA cells) compared to the cells transfected with empty 
CRISPR/Cas9 plasmid without IL-37sgRNA constructs (TFneg cells). 
Thereafter, the transfected cells were stimulated with optimized experi-
mental settings: 100 ng/ml flagellin stimulation for 12h. The cell culture 
media and cells were collected for further analysis, in which chemokine 
expressions from IL-37sgRNA cells were compared to TFneg cells using 
qRt-PCR and Luminex. 

Our results showed that reduction in IL-37 protein levels caused signifi-
cantly increased CCL5, CXCL8, 10, and 11 gene and protein expressions 
compared to TFneg cells, which were spontaneously upregulated. In addi-
tion, CXCL8 mRNA and protein levels were further significantly upregu-
lated upon flagellin stimulation. Compared to TFneg cells, CCL3 and 
CX3CL1 mRNA levels were significantly upregulated, whereas the protein 
levels of CX3CL1 was downregulated and CCL3 protein levels were lower 
than detection limits. Spontaneous increases in chemokine mRNA and 
protein expressions in cells with reduced IL-37 protein levels support an 
anti-inflammatory role of intracellular IL-37 on chemokine produc-
tion59,60. Upregulation of these chemokines might be due to diminished IL-
37 gene levels observed in MC patients289, which in turn may contribute to 
their aberrant immune response via recruiting Treg cells (CCL5), CD8+ T 
cells (CXCL9, 10, and 11), neutrophils (CXCL8), eosinophils (CCL5), 
and/or macrophages (CCL3 and CCL5)84,98. 

CCL2 mRNA and protein expressions were upregulated only after fla-
gellin stimulation in IL-37sgRNA cells compared to TFneg cells, which 
indicate a possible correlation between TLR5 stimulation due to an en-
hanced contact with the microbiota and upregulated CCL2 expressions in 
MC immunopathogenesis290. 

In conclusion, this study is important to understand the regulatory role 
of IL-37 on chemokine gene and protein expressions in the colon epithelial 
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cell line, as well as in MC immunopathology. Since a minor decrease in 
the ability of colon epithelial cells to produce IL-37 results in noticeable 
upregulated chemokine expressions, reduced IL-37 mRNA expression in 
MC may be an important factor for increasing the recruitment of immune 
cells and subsequently contributing to the disease development. 

 

Oligoclonal T Cell Receptor Repertoire in Colonic Biopsies of 
Microscopic and Ulcerative Colitis Patients (Paper IV) 
 

T cell infiltration plays a major role in MC immunopathology. In dif-
ferent studies, CD8+ IEL and CD8+ LPL infiltrations were detected in both 
CC and LC patients with the most notable increase in LC patients209-212, 
whereas the number of CD4+ T cells was reduced in the LP of both CC 
and LC patients211. In order to understand diversity and clonality of infil-
trating T cells, we analyzed the TCRβ chains in colonic biopsies of pa-
tients with MC, UC, and their remission counterparts (CC/LC-HR or UC-
R) compared to non-inflamed controls using next generation sequencing. 

We first showed that all patient groups and non-inflamed controls had 
oligoclonal TCRβ repertoires, which has previously been shown in UC, 
UC-R291-293 and control samples294, whereas MC patients were not ana-
lyzed before. Using Shannon diversity entropy and Shannon-Jensen even-
ness, we described how many different clones were found and how these 
clones were distributed in different patient groups compared to controls 
and their histopathological remission counterparts. We showed that LC 
patients had significantly lower diversity and evenness in TRBV-BJ gene 
segments compared to both controls and LC-HR patients, which supports 
our previous findings of local resident T cell expansion rather than direct 
recruitment of recent thymic emigrant (RTE) to the mucosa based on re-
duced levels of T cell receptor excision circles (TRECs) in the mucosa of 
LC patients208. In contrast, UC and UC-R patients showed significantly 
high diversity and evenness compared to controls, which is also supported 
by previous findings in our group of increased amounts of RTEs in the 
colon of UC patients295. We did not detect any significant differences in 
either CC or CC-HR patients compared to controls or each other.  

In the second part of the study, we focused on detecting specific TRBV-
BJ clones differentiating between the disease groups and the controls using 
univariate and multivariate approaches. CC-HR patients can be differenti-
ated both from controls and CC patients, whereas CC patients did not 
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reveal any significant TRBV-BJ clone type. These results from CC-HR 
patients may suggest a role of specific T cell infiltration in this disease 
state, whereas lack of significant TRBV-BJ clones from CC patients indi-
cate dysregulated immune response not only due to T cells but also other 
infiltrating immune cells, such as eosinophils, neutrophils, and/or macro-
phages290. 

 LC patients showed significant clones important for disease immuno-
pathology compared to controls. Similarly, LC-HR patients were discrimi-
nated from controls, whereas there were no differences detected in com-
parison with LC patients. These differential TRBV-BJ combinations from 
LC and for LC-HR patients may be important to understand underlying T 
cell responses in these disease states. 

In both univariate and multivariate analyses, UC and UC-R patients 
showed the highest number of discriminating TRBV-BJ clones with the 
lowest p values (p<0.001) compared to controls. There was no discrimina-
tive TRBV-BJ clone detected between UC and UC-R patients. Our results 
from UC patients were similar to a previous study suggesting TRBV4 as 
an important clone, which may be due to a long term exposure of bacteri-
al superantigens, such as streptococcal mitogenic exotoxin Z-2 (SMEZ-2) 
292,293. This suggestion might also be valid for UC-R patients due to lack of 
significant differences in TRBV clones. 

Altogether, TRBV-BJ combinations from each patient group (CC, LC, 
CC-HR, and LC-HR) suggest that T cell infiltrations may play a major 
role in LC patients compared to CC, which further supports these disease 
types as separate entities212,273. Furthermore, patients with active disease 
may have different T cell responses as compared to their counterparts in 
histopathological remission according to TCRβ clone types. Similarly, we 
have shown differences in their immunopathology in our previous 
studies212,218,289,290. 

 

Limitations and Strengths of the Studies in This Thesis 
 

One of the limitation of the studies performed in this thesis (Paper I, II 
and IV) is the small cohort of MC patients included. As discussed in the 
“Methodological Considerations” section, recruitment of the MC patients, 
as well as their histopathological remission patients (CC/LC-HR) was 
challenging. However, as the majority of parameters investigated showed 
statistically significant changes, we believe that the small cohort is not an 
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obstacle in this thesis. In addition, the results from CC/LC-HR patients 
increased our knowledge not only about these subgroups but also immune 
responses in different disease stages. Moreover, these small cohorts of 
patients are now immunologically very well characterized208,212,218,289,290, 
which further helps us to understand correlations between different im-
mune responses. Nevertheless, as there is still no cure for MC and the 
medications only relieve the disease symptoms, studies like in this thesis 
are necessary to increase the understanding of the immunopathogenesis 
and to find new avenues for treatment. 

In paper III, despite having results based on an epithelial cell line model, 
it was an important step to understand the regulatory role of intracellular 
IL-37 on chemokine productions observed in MC patients. Cell line stud-
ies allow genetic modulation of the cells to understand various cell signal-
ing mechanisms; however, primary cells may not be feasible for genetic 
modulations. Especially, colon epithelial cells isolated from mucosal biop-
sies are less likely to be cultivable in vitro for a long time due to their ad-
vanced differentiation stage and requirement for extracellular cell matrix 
for further growth, these cells would likely die by anoikis296. Another op-
tion would be to stimulate mucosal colon biopsies with recombinant IL-
37; however, we may not be able to induce endocytosis and to observe the 
function(s) of intracellular IL-37. Also, we would possibly observe only 
extracellular IL-37 function which may be limited to regulation of certain 
cytokines, such as IFN-γ57,58. 
  



66  SEZIN GUNALTAY Dysregulated Mucosal Immune Responses in Microscopic Colitis Patients 
 

 
 

 F
ig

ur
e 

5.
 S

ch
em

at
ic

 o
ve

rv
ie

w
 o

f 
th

e 
re

su
lt

s 
in

 t
hi

s 
th

es
is

. 
T

he
 r

es
pe

ct
iv

e 
pa

pe
rs

 a
re

 i
nd

ic
at

ed
 w

it
h 

R
om

an
 

nu
m

er
al

s 
(I

-I
V

).
 A

ll 
th

e 
da

ta
 p

re
se

nt
ed

 h
er

e 
is

 in
 c

om
pa

ri
so

n 
to

 n
on

-i
nf

la
m

ed
 c

on
tr

ol
s.

 ↑
 In

cr
ea

se
 a

nd
 ↓

 d
ec

re
as

e.
 I
. 

  



SEZIN GUNALTAY Dysregulated Mucosal Immune Responses In Microscopic Colitis Patients    67 
  

GENERAL DISCUSSION 
 

Microscopic colitis is characterized by chronic watery diarrhea, a sub-
tler form of colitis compared to the major types of IBD, ulcerative colitis 
and Crohn’s disease. Although MC patients do not show life-threatening 
complications as in UC patients, such as colon cancer, the quality of life in 
MC patients is reduced due to nausea, abdominal pain, ongoing diarrhea, 
and weight loss. The most common way to treat MC patients is to use 
immunomodulatory agents, such as budesonide; however, stopping the 
treatment may lead to relapse of the disease223,228. Hence, most patients are 
dependent on treatments to relieve clinical symptoms, although these med-
ications may cause adverse effects, such as headache, muscle pain, skin 
rash, fever and/or sore throat, as well as osteoporosis and changes in skin 
in a long-term use. Therefore, it is important to understand the disease 
pathology to find new therapeutic options not just to relieve symptoms 
but to cure the disease.   

Collagenous colitis (CC) and lymphocytic colitis (LC) shares many clin-
ical symptoms, as well as histological features, such as epithelial cell dam-
age, inflammation in the epithelium and the LP208,211,218. In addition, we 
included a subgroup of patients with history of CC or LC diagnosis. These 
patients came back to the clinic due to their ongoing clinical symptoms, 
whereas their colonic biopsies did not fulfill the diagnostic criteria for CC 
or LC. Thus, they were presented as a subgroup clinically active CC or LC 
in histopathological remission (CC/LC-HR).  

It is an ongoing debate if CC and LC are the same disease in different 
stages or two separate entities. Conversion from CC to LC, and vice versa 
has been described but the studies were limited in number of patients in-
cluded225,239,240. Similarities in the immune responses from CC and LC 
patients were shown by the previous studies, which may be correlated 
with their clinical symptoms. CC and LC patients had similar cytokine 
expression profiles207,216-218, as well as increased numbers of CD8+ IELs and 
CD8+ LPLs with reduced numbers of CD4+ LPLs211,212. We also showed 
that diminished IL-37 gene expression levels in both CC and LC patients 
indicate a common dysregulation in the anti-inflammatory response in 
these patients. Secondly, similarities in the chemokines and their corre-
sponding receptor expression profiles of CC and LC patients were ob-
served, which are involved in recruitment or proliferation of CD8+ T cell, 
neutrophils, eosinophils, macrophages, and Treg cells. On the other hand, 
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we observed CC patients having more noticeable response in gene and 
protein expression levels in regard to LC patients. In addition to active 
disease patients, CC-HR and LC-HR patients showed that the disease 
progression of CC and LC can be different from each other. That is, LC 
and LC-HR patients had similarities in their chemokine and chemokine 
receptor expression profiles, whereas CC-HR patients had normalized 
levels comparable to controls. Despite similarities in expression profile of 
chemokines and their receptors in CC and LC patients, our results from 
TCRβ clonality and diversity showed that CC and LC had different T cell 
receptor profiles. In addition, CC-HR and LC-HR patients were different 
from CC and LC patients, due to differences in TCRβ clonality. Thus, 
dysregulated immune responses may depend on the disease stage. This 
may help to understand underlying factors triggering local T cell prolifera-
tion and causing the clinical symptoms both in active disease and in histo-
pathological remission. Furthermore, differences in IL-1/TLR signaling 
regulators support differences in CC and LC immunopathology, as well as 
in their corresponding remission types (CC/LC-HR). 

The results from chemokines, chemokine receptors, and dysregulated 
IL-1/TLR signaling regulators support the histological findings of in-
creased numbers of not only T cell infiltration but also other immune cells 
such as epithelial cells, neutrophils, macrophages, and eosinophils. These 
may also be involved in disease immunopathology during active and his-
topathological remission. Furthermore, these results indicate that further 
characterization of innate immune cells is necessary to understand the 
dynamics of the disease.  

According to the results from innate and adaptive immune responses, 
LC-HR patients showed similarities with LC patients, whereas CC-HR 
patients had different results than CC patients. Therefore, it is important 
to understand how ongoing clinical symptoms are related to dysregulated 
immune responses, as well as why these patients have relapsed again. For 
instance, we indicated a role for neutrophils in both active and histopatho-
logical remission patients, which may suggest ongoing contact with mi-
crobiota and may be correlated with clinical symptoms.  

It is important to understand further how IL-37 can contribute to 
chemokine production in MC immunopathology since it is regarded as a 
post-transcriptional regulator of cytokines and chemokines59,60. Our re-
sults support a regulatory role of IL-37 on chemokine production and 
thereby possibly being one of the factors involved in enhanced chemokine 
expressions recruiting CD8+ T cells, neutrophils, Treg cells, eosinophils, 
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and macrophages. Still, it is necessary to understand if decreased IL-37 
gene expression caused the enhanced chemokine production or if there 
were different factors leading to suppression of IL-37 expression in the 
colon of MC patients. For this purpose, colonic mucosal samples from 
MC patients and controls can be cultured in the presence of different med-
ications or pathogens associated with MC patients. Thereafter, IL-37 
mRNA and protein expressions can be compared in the different biopsies 
of the same patient to identify risk factors leading to IL-37 reduction. Plus, 
MC is commonly observed in elderly people (>60 years old), who may 
have altered cytokine productions297,298. Thus, decreased ability to produce 
IL-37 might be one of the risk factors for disease development. 

Altogether, this thesis contributes to the current knowledge of dysregu-
lated immune responses in MC immunopathology by demonstrating 
changes in both innate and adaptive immune responses involved in active 
disease, as well as in patients in histopathological remission. Also, these 
results further support CC and LC as separate types of MC with different 
alterations in their immune responses. 
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FUTURE PERSPECTIVES 
 

In this thesis, the descriptive analyses of dysregulated immune responses 
were continued from previous studies in the group describing alterations 
in T cell-mediated adaptive immune responses. We demonstrated that not 
only these T cell responses but also innate immune responses were dysreg-
ulated in MC patients. This thesis contributes to the current knowledge of 
MC immunopathology, by suggesting role of dysregulations in IL-1/TLR 
signaling, a mixed immune cell infiltration with enhanced chemokine and 
their receptor expression profiles and selectively expanded T cell clones in 
MC patients. 

Nevertheless, there should be further studies understanding the results 
obtained in this thesis and how they can be applied to the patients’ treat-
ment options: First of all, changes in IL-1/TLR signaling regulators indi-
cate the impact of the gut microbiota. Hence, TLR expression profiles can 
be analyzed using qRT-PCR, immunochemistry and Western blot. Moreo-
ver, comparing gut microbiota of MC patients with non-inflamed controls 
would show whether the microbiota or dysbiosis is a part of the disease 
pathology. 

We also showed that miR-146a and IRAK-M may have a common de-
nominator due to being regulators of the same TLR signaling molecules, 
IRAK-1, -2 and -4. It would be interesting to understand the mechanism 
of this interaction using the CRISPR/Cas9 system in an epithelial cell line, 
in which miR-146a and IRAK-M can be reduced simultaneously and fur-
ther stimulated with TLR ligands. This may help us to understand the role 
of these IL-1/TLR signaling regulators in MC immunopathology.  

Epithelial cell damage is commonly observed in MC patients, whereas 
its impact on the disease pathology remains elusive. For this purpose, in-
testinal epithelial cells can be sorted by fluorescence-activated cell sorting 
(FACS) and further analyzed in terms of TLR expression profile and barri-
er function to understand whether the microbiota affect IECs and lead to 
damage on the barrier function in the disease immunopathology. En-
hanced contact of the microbiota with mucosa may be one of the reasons 
for dysregulated immune responses in MC patients and leading to clinical 
symptoms. In addition, analyzing the chemokine expression profile of 
intestinal epithelial cells would be highly interesting to understand how 
intestinal epithelial cells are involved in recruiting immune cells. Previous 
studies from this group showed that numbers of CD8+ T cells in the epi-
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thelium were increased in MC patients211,212, which may also be involved 
in epithelial cell damage by expression of cytotoxins such as perforin, 
granzyme B or granulysin in MC patients. This can also be analyzed in 
CD8+ IELs sorted from fresh mucosal biopsies of MC patients using 
FACS. In this regard, there has been an additional ongoing study, in which 
both IECs and CD8+ IELs are isolated simultaneously from colonic biop-
sies of MC patients using FACS. We plan to analyze these mentioned fac-
tors to understand dynamics of CD8+ IELs and IECs in epithelial cell dam-
age in MC patients. 

Regulatory role of IL-37 in MC immunopathology is still necessary to 
understand if the reduction in gene expression levels is reflective to protein 
levels, which can be further analyzed by using ELISA or Western blot in 
colonic biopsies of MC patients. In addition, the epithelial cell line with 
reduced IL-37 protein levels can be used to understand how these epitheli-
al cells interact with CD8+ IELs in MC patients. This can be achieved by 
co-culturing of cells with reduced IL-37 protein levels with CD8+ T cells 
isolated from peripheral blood samples of healthy people. Hence, it may 
be possible to observe if reduction in IL-37 protein levels triggers cytotoxic 
CD8+ T cell response. In addition, increased IL-37 mRNA levels may be an 
important factor contributing to the remission of UC patients; therefore it 
might be important to understand contributing factors for IL-37 upregula-
tion, such as medications.  

Chemokine and chemokine receptor expression profiles of MC patients 
indicate a possible role of innate immune cells, macrophages, eosinophils 
and neutrophils. However, they are not yet well characterized. Therefore, 
their characterization and contribution to the disease immunopathology 
would be noteworthy.  

Lastly, we showed that oligoclonality of the TCRβ chains which can be 
further differentiated by TCRβ-VJ combinations between patients CC and 
LC patients with active disease, from patients in histopathological remis-
sion (CC/LC-HR). Currently, based on the results from the IMGT data-
base299, we cannot predict a corresponding antigen for the specific TCRβs 
detected in patients. Nevertheless, various internal and external factors 
have been suggested previously as a part of disease pathology, such as C. 
jejuni infection, NSAIDs, or proton pump inhibitors (discussed in Intro-
duction). Isolated IELs and LPLs from fresh colon biopsies of MC patients 
can be stimulated with these associated factors, such as C. jejuni virulence 
factors or NSAIDs. Thereafter, these cells can be analyzed using NGS. 
Eventually, this approach may help us to elucidate how internal and ex-
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ternal factors would lead to selective T cell infiltration in different MC 
patient groups. 

In conclusion, I believe that the results from this thesis contributed to 
the current knowledge of MC immunopathology to understand underlying 
immune responses. I sincerely hope that future studies will continue on 
exploring disease pathology to help these patients to increase their quality 
of life. 
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