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The gastrointestinal tract consists of an upper and lower gastrointestinal 
tract and is involved in the absorption of nutrients and water. The upper 
gastrointestinal tract consists of mouth, pharynx, esophagus, stomach and 
proximal duodenum. The lower gastrointestinal tract consists of the small 
intestine (distal duodenum, jejunum and ileum), large intestine (cecum, colon 
and rectum) and the anus. The human small and large intestine contains an 
estimated 10 14 commensal bacteria, composed of over 500 – 1000 species, 
with the bacterial load increasing in a proximal to distal manner with the 
highest bacterial load being present in the colon. The intestines maintain a 
delicate balance of establishing tolerance to commensal bacteria and food 
antigens which are constantly present and defending the host against harmful 
pathogens. A shift in this balance can cause serious illness in the host. 
An inability to launch an immune response to pathogenic bacteria present in 
the intestine can lead to persistent diarrhea and dehydration which is currently 
the cause of 2.2 million deaths per annum and particularly affects children 
under the age of 5 in developing countries (World Health Organization). On 
the otherhand over activity of the mucosal immune system and a failure to 
induce tolerance to food antigens and commensal bacteria present in the 
intestine can also be of serious consequence to the host.  Celiac disease 
is an example of a disease which occurs as a result of the immune system 
recognizing a common food antigen i.e. gluten as foreign and launching a 
subsequent inappropriate immune response which gives rise to inflammation. 
Celiac disease has a prevalence rate of approximately 1% within Europe 1. 
Another example of a disease which occurs as a result of an imbalance 
in the mucosal immune system is Inflammatory Bowel Disease (IBD). IBD 
arises from the immune system recognizing commensal bacteria in the 
intestines as foreign with approximately 2.2 million people being affected by 
this disease in Europe 2.  Patients diagnosed with IBD suffer from a state of 
chronic inflammation within the intestine. Chronic inflammation of tissue is 
associated with cancer, thus individuals suffering from IBD have an increased 
risk of developing cancer 3. 
The delicate balance of launching an immune response to harmful pathogens 
versus inducing a state of tolerance to harmless food antigens and commensal 
bacteria is maintained by the immune system. The intestines contain various 
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tissue compartments which are involved in the mucosal immune system which 
can be divided into inductive and effector sites. Inductive sites are areas 
where antigens sampled from the mucosal surface come into contact with 
naïve T and B cells and effector sites are locations where effector cells of the 
immune system perform their action i.e. production of secretory IgA (sIgA). 
Inductive sites of the intestine mainly consist of local organized gut associated 
lymphoid tissue (GALT) i.e. Peyers Patches (PPs), isolated lymphoid follicles 
(ILFs) and colonic patches as well as the associated draining lymph node i.e. 
mesenteric lymph node (MLN). Effector sites consist of scattered immune 
cells in the lamina propria along with exocrine glands and surface epithelial 
cells 4. In this thesis various animal models were used to gain insight into the 
formation and function of this specialised lymphoid tissue in both the healthy 
and inflammatory setting. 

Organized gut associated lymphoid tissue of the intestines
Peyers patches (PPs) of the small intestine and the draining mesenteric 
lymph node (MLN) are classed as secondary lymphoid tissue. The formation 
of secondary lymphoid organs  is pre-programmed at specific sites and 
occurs in a specific developmental window in ontogeny 5. The intestine, as 
apposed to other tissue, contains a variety of microbes and has the ability 
to form organized lymphoid tissue after birth which can expand and remodel 
as a result of microorganisms present in the gastrointestinal tract 6, 7. This 
tissue is not formed in utero but its formation is induced 1 - 2 weeks after 
birth, possibly as a result of bacterial colonisation and is thus referred to as 
inducible lymphoid tissue 8. 

Secondary lymphoid organs 
Formation of secondary lymphoid tissue of the intestines has been shown to 
be dependent on the lymphotoxin alpha1 beta2 – lymphotoxin beta receptor 
signalling axis 9-11.  Lymphotoxin (LT) is a member of the tumor necrosis family 
(TNF) family member and exists in two isoforms i.e. a soluble homotrimer 
LTα3 and a membrane bound heterotrimer LTα1β2. The soluble homotrimer 
binds to TNFR1 and TNFRII and the membrane bound heterotrimer binds to 
lymphotoxin beta receptor (LTβR) 11-17. The formation of secondary lymphoid 
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tissue, as illustrated in Figure 1, is principally controlled by two types of cells 
i.e. stromal organizer cells and lymphoid tissue inducer (CD45+CD4+CD3-) 
cells. LTβR expressed on stromal organizer cells is triggered through the 
binding of its ligand LTα1β2 produced by lymphoid tissue inducer (LTi) cells 
and leads to the production of a variety of chemokines (CXCL13, CCL21 
and CCL19) and adhesion molecules (ICAM-1, VCAM-1 and MAdCAM-1) 
by the stromal organizer cells. These chemokines and adhesion molecules 
serve to attract and retain more LTi cells to the area, which in turn leads 
to more receptor triggering, subsequently giving rise to a self sustaining 
feedback loop responsible for the formation of secondary lymphoid tissue 5. 
Both LTα -/- and LTβR -/- mice have been shown to lack PPs and most LNs 9, 11.  
LTi cells are also known to express CXCR5, the chemokine receptor which 
binds CXCL13 produced by stromal organizer cells. Knock out mice for the 
chemokine CXCL13 and the receptor CXCR5 fail to form most PPs and a 
variety of lymph nodes, indicating the important role of LTβR triggering along 
with the downstream molecule CXCL13 known to be up regulated as a result 
in the formation of secondary lymphoid organs 18, 19. 

Adhesion molecules

Chemokines

Lymph 
Node
Lymph 
Node

Stromal Organizer Cell 

LtRLtR

Lt

Lymphoid Tissue Inducer Cells

LtLt

Figure 1 – Formation of secondary lymphoid tissue 
The formation of secondary lymphoid tissue is principally controlled by lymphoid tissue inducer 
(LTi) cells and stromal organizer cells. LTi cells express Ltα1β2   and the stromal organizer cells 
express LTβR. The triggering of LTβR by its ligand LTα1β2 leads to an induction of chemokines 
(CXCL13, CCL21 and CCL19) and adhesion molecules (ICAM-1, VCAM-1 and MAdCAM-1). 
These chemokines and adhesion molecules serve to attract and retain more LTi cells to the 
area.  This in turn leads to more receptor triggering, giving rise to a self sustaining feedback 
loop responsible for the formation of a lymph node.
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Mesenteric lymph nodes (MLNs) are present in the mesentery of the small 
intestine and are present in both humans and mice. In mice MLN are amongst 
the first lymph nodes to develop and are already present at embryonic day 
12.5 5. MLNs contain a variety of immune cells and are thought to play an 
important role in oral tolerance to food antigens and commensal microflora in 
the intestine 20. Harmless antigens are taken up by antigen presenting cells 
i.e. dendritic cells in the intestine which migrate via lymphatics vessels to the 
MLN where tolerance is induced ensuring that the mucosal immune system 
does not launch an immune response to food antigens and commensal 
bacteria which are constantly present 21, 22. Oral tolerance can not be induced 
in LTα-/- animals which lack both PPs and MLNs 23.  However, oral tolerance 
can be induced in animals treated in utero with an agonistic LTβR antibody 
which lack PPs but have MLNs indicating that MLNs and not PPs are essential 
in the induction of oral tolerance 22.
Peyers Patches (PPs) are also present in the small intestine of both humans 
and mice. In mice PPs start to form at a later developmental stage, after 
the formation of MLN, at embryonic day 15.5 5. Studies using human CD2-
GFP transgenic mice, which contain GFP expressing LTi cells, reveal that 
LTi cells are indeed present scattered throughout the small intestine and 
that these cells cluster together to form PP primordia between E14.5 and 
E15.5 24. These PP primordia have been shown to form at a specific site only 
occurring along the antimesenteric border of the small intestine 5, 6 .  In the 
adult setting PPs consist of more than one B cell follicle with distinct T cell 
areas 25. PPs play an important role in mucosal immunity as they are covered 
by specialised follicular associated epithelium, on the luminal side, containing 
M cells which allow direct uptake of antigen into the PP for the initiation 
of appropriate immune responses 26-28. Immunoglobulin A (IgA) is the most 
abundant immunoglobulin isotype of the intestinal tract which provides the 
host protection against pathogens 29. Most PPs contain B cell follicles with 
germinal centres (GCs), which provide a local environment that supports 
class switching of B cells to produce the necessary IgA in the intestinal tissue 
30. 
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In the colon PP like structures have been described to exist by two 
independent research groups and are referred to as colonic patches 10, 31, 32. 
Colonic patches strongly resemble PPs since they consist of more than one 
B cell follicle, containing a germinal centre, along with separate and distinct 
T cell areas. It has been noted that structures containing VCAM-1+ stromal 
organizer cells are present in the colon before birth in a study that largely 
focused on the formation of PP primordia in the small intestine 33. No further 
cellular characterisation of these colonic patch structures was performed 
but due to the presence of VCAM-1+ structures before birth one could infer 
that colonic patches are programmed to develop before birth and are thus 
true secondary lymphoid organs. The formation of colonic patches, like the 
formation of secondary lymphoid structures (i.e. PPs and MLNs) present in 
the intestine, has been shown to be dependent on the LTα-LTβR signalling 
axis. Mice treated in utero with LTβR Ig which blocks LTβR signalling and 
LTα-/- mice both been reported to lack colonic patches 10, 32.

Solitary Intestinal Lymphoid Tissue
Apart from secondary lymphoid tissue, which is programmed to develop 
before birth, a variety of other lymphoid structures have been described to 
exist in the intestines. Cryptopatches and isolated lymphoid follicles (ILFs) 
are present in both the small and large intestine and develop two weeks 
after birth 34-38. Cryptopatches are loosely organized clusters of cells which 
occur at the base of the crypts in murine intestines 36. They mainly consist of 
three cell types i.e. (1) lineage negative (lin-) c-kit+ Il7-R+ Thy1+ LFA+ cells (2) 
CD11c+ dendritic cells and (3) stromal organizer VCAM-1+ cells 36, 39. ILFs are 
clusters of lymphocytes scattered throughout the intestine and are observed 
in both humans and mice. They consist of four different cell types i.e. (1) B 
lymphocytes consistent with a B-2 lymphocyte profile (CD23+ IgM low IgD high 
CD5- CD11b-), (2) T lymphocytes (both TCRαβ+ CD4+ and TCRαβ+ CD8+), 
(3) CD11c+ dendritic cells and (4) Il7R+ c-kit+ cells 6, 37, 40. ILFs can vary in 
cellular composition and it has been suggested that they can be divided into 
immature and mature ILFs. Immature ILFs consist of loosely clustered B cells 
occurring at the base of the villi which lack follicular dendritic cells (FDCs) 
and germinal centres (GCs) and mature ILFs which resemble a single follicle 
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of peyer’s patch (PP) with tightly clustered B cell follicles containing FDCs 
and GCs.  Unlike PPs ILFs are known to contain scattered T cells but lack 
distinct T cell areas 37. 
There is recent evidence to suggest that cryptopatches may be the precursors 
of isolated lymphoid follicles (ILFs).The nuclear retinoic acid –related orphan 
receptor (RORγt) is expressed in thymocytes and fetal lymphoid tissue 
inducer LTi cells. Studies of RORγt -/- mice revealed that these mice lack 
cryptopatches as well as ILFs and  studies with mice containing a green 
fluorescent protein (GFP) knockin at the RORγt locus reveal that lin- c-kit+ 
cells of cryptopatches co-express RORγt 35. Cryptopatches and ILFs in adult 
murine colon contain lin- c-kit+ RORγt + cells and it is thought  that these 
cells present in the cryptopatch represent the adult counterparts of fetal 
Lti cells and it has been suggested that cryptopatches give rise to ILFs 34. 
Indeed recent studies support the notion that adult  RORγt + CD4+CD3- cells 
are bona fide LTi cells 41. It has been shown recently that transgenic mice, 
which over express CXCL13 in epithelial cells of the intestine, have more 
RORγt + CD4+CD3-  LTi cells and form more and larger ILFs in the intestine 
42. Furthermore, it has been proposed to group all single solitary lymphoid 
aggregates in the intestine i.e. both cryptopatches and ILFs together and 
refer to them collectively as solitary intestinal lymphoid tissue (SILT) 7. Pabst 
et al introduced the concept that SILT can be subdivided into five different 
classes based on their size and cellular composition (ratio of c-kit+ cells to 
B220+ cells). Typically, SILT can be divided into five classes according to the 
area they occupy - up to 5 000 µm2 (class I), 10 000 µm2 (class II), 15 000 
µm2 (class III), 20 000 µm2 (class IV) and greater than 25 000 µm2 (class 
V). A correlation also exists between size and cellular composition of these 
structures with the larger SILT consisting of more B220+ cells and less c-kit+ 
cells. Interestingly cryptopatches have not yet been identified in the human 
intestine whereas ILFs have and it is thus thought that this is due to the fact 
that most research conducted is performed on adult tissue where most of the 
crytopatches have evolved into ILFs 8.
Due to the fact that SILT are not developmentally programmed and only occur 
two weeks after birth these structures are referred to as inducible lymphoid 
tissue. Despite this difference both cryptopatches and ILFs have been reported 
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to also be dependent on the LTα1β2-LTβR signalling axis for their formation 
with both LTα -/- and LTβR -/- mice  reported to lack  both cryptopatches and 
ILFs in the small intestine 25. As previously mentioned it is thought that lin- 
c-kit+ RORγt + cells present in the intestine represent the adult counterpart of 
fetal LTi cells and as such it is not surprising that RORγt -/- mice lack SILT 35. 
Furthermore the formation of SILT in the small intestine is partially dependent 
on CXCL13 and its receptor CXCR5, as CXCR5-/- mice have been reported 
to lack SILT at a young age but form aberrant SILT at a later stage as a result 
of bacterial colonisation 43. Interestingly, another chemokine CCL20 and its 
receptor CCR6 have also been reported to be necessary for the formation of 
SILT as CCR6-/- mice have a strongly reduced number of SILT in the intestine 
44. It has been shown that the postnatal expansion of SILT is dependent 
on bacterial colonisation of the intestine as SILT in germ free animals are 
strongly reduced in size and expand as a result of bacterial colonisation of the 
intestinal tract but remain constant in number 7. Taken together this indicates 
that the postnatal formation of SILT is dependent on the LTα-LTβR signalling 
axis along with  important chemokines such as CXCL13 and CCL20 and also 
affected by bacterial colonisation of the intestines.
In the non inflamed setting the intestines contain both developmentally 
programmed secondary lymphoid tissue and SILT which forms after birth. 
However in the inflammatory setting a third type of lymphoid tissue may 
develop which has been reported to develop in a variety of tissue due to 
inflammation and is referred to as tertiary lymphoid tissue.  The extent to 
which  LTα-LTβR signalling axis applies to the de novo formation of tertiary 
lymphoid tissue in the intestines warrants further investigation along with 
characterisation of these structures.

Organized gut associated lymphoid tissue in the inflammatory setting
Inflammatory Bowel Disease in the human settting
Ulcerative colitis (UC) and Crohn’s disease (CD), collectively referred to as 
inflammatory bowel disease (IBD), have an incidence rate (calculated on 100 
000 inhabitants and year) in the Netherlands of 10 and 6.9 respectively 45. UC 
affects mainly the colon with the onset of inflammation occurring in the distal 
part of the colon and rectum. The inflammation present in the large intestines 
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affects mainly the superficial mucosal layers with areas of ulceration, crypt 
abscesses and loss of Goblets cells. Clinical features observed include severe 
diarrhoea, blood loss and progressive impairment of peristaltic function. Unlike 
UC, CD can affect any part of the gastrointestinal tract but most commonly it 
affects the terminal ileum, cecum, colon and peri-anal region. The disease is 
characterised by skip lesions, which are normal stretches of intestinal tissue 
occurring in between inflamed regions.  The inflammation affects all layers 
of the bowel wall with dense infiltration of lymphocytes and macrophages. 
Clinical symptoms include diarrhea, intestinal pain and narrowing of the gut 
lumen leading to obstruction. The exact cause of IBD remains unknown but 
it is thought to arise due to environmental and genetic factors which cause 
an imbalance in the mucosal immune system 46. In the non-inflamed setting 
of the intestine organized GALT structures may control unwanted immune 
responses through the generation of T regulatory cells which would suppress 
the activation of T cells and sIgA which would serve to prevent bacteria from 
binding to the epithelial lining of the intestine 47. Thus a better understanding 
of the organized GALT tissue in the healthy and inflammatory state where 
additional ectopic organized lymphoid tissue may form as a result of chronic 
inflammation and subsequently plays a role in mucosal immunity may lend 
valuable insight into the underlying mechanism of the disease.

Animal models for Inflammatory Bowel Disease
Numerous animal models for IBD exist and can be subdivided into four 
different groups. (1) Spontaneous colitis which occurs in certain genetically 
susceptible mouse strains i.e. SAMP1/Yit and C3H/HeJ/Bir. (2) Spontaneous 
colitis occurring as a result of genetic modification i.e. genetically deficient 
mice (IL-2, IL2Rα, IL-10, CRFB4, G-protein subunit αi2, MHC class II, WASP, 
TCRα, Μdr1a, intestinal trefoil factor, N-cadherin and TGF-β), transgenic 
mice (TGF-βRII dominant negative, Tgε26, Stat4, IL-7 and HLA-B27), TNFARE 
mutant mice and mice with disrupted NF-κB pathway. (3) Induced colitis using 
an exogenous agent such as TNBS, dextran sulphate sodium, oxazolone, 
acetic acid, indomethacin, carrageenan and peptidoglycan polysaccharide. 
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(4) Colitis resulting from defective T regulatory cells i.e. CD4+CD45RBhi 
transfer into SCID or Rag- deficient mice or bone marrow transfer into Tge26 
mice 46. 
In this thesis use was made of the administration of an exogenous agent i.e. 
dextran sulfate sodium (DSS) to induce colitis. DSS is a chemical compound 
which is thought to disrupt the mucus and epithelial barrier of the colon 
thereby increasing permeability and allowing luminal antigens to enter the 
lamina propria of the colon giving rise to inflammation which resembles 
ulcerative colitis in humans 48; 49. Numerous research groups using this 
model have reported that strain differences exists for DSS induced colitis 
with some strains being more susceptible to disease than others. The BALB/c 
mice strain has been shown to be more resistant to DSS induced colitis and 
generally present with a less severe form of the disease along with an earlier 
recovery phase when compared to C57BL/6 mice 50. The differences in these 
two mice strains serves as a useful tool to elucidate potential factors which 
may influence the severity and progression of the disease. 

Tertiary lymphoid tissue
In the inflammatory setting the intestines, like many other tissue and organs, 
may form tertiary lymphoid tissue. Tertiary lymphoid tissue strongly resembles 
secondary lymphoid tissue but forms in adult life as a result of inflammation 
and can occur in a variety of different sites 51. A wide variety of inflammatory 
diseases have been associated with the de novo formation of tertiary lymphoid 
tissue such as rheumatoid arthritis, Hashimoto thyroiditis (hypothyroidism), 
Graves disease (hyperthyroidism), Myasthenia Gravis, Sjogrens syndrome, 
multiple sclerosis, chronic liver disease, diabetes and atherosclerosis 52-58.  
Tertiary lymphoid tissue like secondary lymphoid tissue contains distinct 
T and B cell microdomains, lymphatic endothelium and specialised high 
endothial venules (HEVs) and thus provides an additional local environment 
for antigen presentation and subsequent immune responses 51. 
There is evidence to support the formation of tertiary lymphoid tissue, like 
secondary lymphoid tissue, is dependent on the LTα1β2-LTβR signalling axis. 
Transgenic animals, which express lymphotoxin under the rat insulin promoter 
(RIP-LT) form tertiary lymphoid tissue as a result of ectopic lymphotoxin 
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expression 59. The triggering of LTβR on stromal organizer cells is known to 
cause an increased expression of two important homeostatic chemokines 
i.e. CXCL13 and CCL21. Interestingly the ectopic expression of CXCL13 
(RIP-CXCL13) and CCL21 (RIP-CCL21) also triggers the formation of tertiary 
lymphoid tissue 60, 61. Contrary to this it has been reported that inducible 
bronchus-associated lymphoid tissue (iBALT) , the equivalent of tertiary 
lymphoid tissue which forms in the lungs due to inflammation induced by the 
influenza virus, can form due to a lymphotoxin independent upregulation of 
CXCL13 and CCL21 62. The formation of these iBALT structures indicate that 
a lymphotoxin independent pathway for the formation of tertiary lymphoid 
tissue also exists. Mucosal associated tissue, as opposed to other organs 
and tissue in the body, is generally exposed to a vast array of microorganisms 
which colonise the mucosal surface, and the mucosal immune system induces 
a state of tolerance to these constantly present antigens. Thus the difference 
observed in the formation of tertiary lymphoid tissue in anatomically distinct 
locations may occur as a result of inherent difference of the immune systems 
associated with different types of tissue.
The consequence of the formation of tertiary lymphoid tissue in inflammation 
and their involvement in immunity is largely unknown. In some diseases tertiary 
lymphoid tissue is accompanied by tissue damage and may provide a local 
environment where antigen is present in sufficient concentration to promote 
antigen presentation and subsequent immune reactions. The formation 
of tertiary lymphoid tissue in tissue where self antigen is constitutively 
expressed may even provide an environment for continued induction of 
auto immune reactions 51, 63. Interestingly it has been reported that mice with 
iBALT  but lacking peripheral lymphoid organs clear influenza infection and 
can survive higher doses of virus than normal mice 62. These data suggest 
that tertiary lymphoid tissue may in certain instances be beneficial for control 
of a pathological condition while in other situations tertiary lymphoid tissue 
may contribute to further enhancement of pathology. 
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The influence of vitamin A on epithelial barrier integrity and the mucosal 
immune system
Vitamin A is a fat soluble vitamin which plays a role in maintaining the mucosal 
epithelial barrier and has a variety of effects on the mucosal immune system. 
Vitamin A (retinol) is absorbed from the gastrointestinal tract and converted 
to its active form retinoic acid (RA) through two oxidative steps. Retinol 
is converted to retinaldehyde by alcohol dehydrogenase enzymes and 
retinaldehyde is subsequently oxidised by retinaldehyde dehydrogenases 
(RALDH) to form retinoic acid 64-70. There are three main isoforms of the 
RALDH enzymes i.e. RALDH1, RALDH2 and RALDH3 which are expressed 
in the intestines. RALDH1 is present in the epithelial lining, RALDH 3 is 
present in the lamina propria and both RALDH 1 and 2 are present in the 
outer mesenchyme of the intestine 71. Once vitamin A is converted to RA it 
binds to retinoic acid receptors (RARs), which activate transcription factors 
that bind retinoic acid responsive elements (RAREs) within the promoter 
region of their target gene, which give rise to a variety of downstream effects 
72, 73. 
RA has also been shown to be of vital importance with regards to maintaining 
the integrity of the epithelial barrier which serves to separate the multitude 
of bacteria present in the lumen of the intestines from the lamina propria. 
RA induces expression of numerous tight junction molecules i.e. occludin, 
claudin-1 and claudin-4 which would serve to regulate intestinal permeability 
74. The ability of RA to increase the expression of tight junction molecules 
may aid in the regeneration of epithelial cells in the event of tissue damage 
and may help restore barrier protection in pathologies such as IBD. In the in 
vitro setting RA has been shown to reduce the damage induced by exposing 
the human epithelial cell line Caco-2 to Clostridium difficile Toxin A which 
is the most common anaerobic pathogen associated with diarrhea and 
pseudomembranous colitis. In this setting RA was shown to reduce apoptosis, 
improve cell migration and proliferation resulting in an increase of epithelial 
barrier activity 75. Furthermore in the in vivo setting the administration of 
all trans retinoic acid has been shown to significantly decrease the loss of 
epithelial barrier function in TNBS induced colitis 74. 
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RA has been shown to influence a variety of immune cell subtypes in the 
intestines i.e. dendritic cells (DCs), T cells, regulatory T cells and B cells. 
RA has an influence on dendritic cells by altering their migratory and 
antigen presentation capacity. RA can cause an upregulation of matrix 
metalloproteinases which increase migration of DC present in the intestine to 
the draining MLN for antigen presentation and subsequent immune reactions 
76. In the inflammatory setting RA together with the inflammatory cytokines 
TNF-α can enhance DC maturation and the antigen presenting capacity of 
these cells 77. RA largely controls gut homing of T cells to effector sites in the 
intestine through the regulation of gut homing molecules i.e. α4β7 and CCR9 
78. It has also been shown that RA has the ability to skew T cell responses by 
suppressing Th1 responses and promoting Th2 responses 79. Furthermore 
RA, in combination with TGFβ,  can steer the differentiation of T cells towards 
a T regulatory cell which can serve to suppress immune responses in the 
intestine to harmless food antigens and commensal bacteria 80-82. In addition 
RA also has numerous effects on B cells present in the intestines. RA has 
been shown to enhance B cell proliferation and activation along with inhibition 
of B cell apoptosis 83. B cell migration to the intestine is also influenced by 
RA through the upregulation of the gut homing molecule α4β7 on B cells 
84, 85.RA also promotes the production of IgA which plays an important role 
in protecting the host against pathogens.  It has been shown that RA aids 
in class switching of B cells within the intestine and thus enhances IgA 
production 84, 85. With the realisation that RA affects the epithelial barrier, 
regulates migration of T and B cells to the intestines, aids in the production 
of sIgA and the formation of regulatory T cells one can state that RA is of vital 
importance for a healthy functioning mucosal immune system.

Concluding Remarks
The presence of tertiary lymphoid tissue within the inflamed colon is difficult to 
establish due to the fact that a variety of organized GALT tissue exists in the 
non-inflamed colon 86. Thus characterisation and clear definition of already 
existing organized GALT present in the non inflamed setting is essential to be 
able to determine the presence of additional ectopic tertiary lymphoid tissue 
in the inflammatory setting. The formation and function of organized GALT 
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in healthy colon along with the ectopic formation of tertiary lymphoid tissue 
in the inflamed colon is of vital importance with regards to determining if this 
tertiary lymphoid tissue is ultimately beneficial or harmful to the host. 

Thesis outline
In this thesis we investigate the formation and cellular composition of 
organized GALT of the intestines in both the healthy and inflammatory 
setting. In chapter 2 we describe the formation and characterisation of both 
secondary lymphoid tissue and SILT of the healthy colon. A time line analysis 
was performed starting from before birth (at embryonic day 18.5) to asses 
the presence of programmed secondary lymphoid tissue. Analysis at this time 
point revealed that clusters of LTi and stromal organizers cells are indeed 
present before birth and give rise to colonic patches in the colon which can 
thus be classed as true secondary lymphoid tissue. Subsequent time points 
were analysed at one, two and fourteen weeks after birth to determine the 
formation of inducible lymphoid tissue along with maturation of organized 
lymphoid structures as a response to bacterial colonisation of the colon. 
Analysis of these time points revealed that SILT is clearly present in the colon 
from two weeks after birth and that at this time point both SILT and colonic 
patches show a more mature profile with B cell follicles containing FDCs.
In chapter 3 we show the vital role of retinoic acid (the active metabolite of 
vitamin A) in the formation of secondary lymph nodes. During embryonic life 
neurons occur in close association with lymph node anlagen and produce 
vitamin A conversion enzymes and provide a local source of retinoic acid 
(RA). RA induces stromal organizer cells to produce CXCL13 in a lymphotoxin 
independent manor. We further show that stimulation of the vagal nerve 
causes an increase in CXCL13 levels in the small intestine which could 
be blocked by RA inhibitors. This RA dependent upregulation of CXCL13 
may be responsible for the tertiary lymphoid tissue observed in the mucosal 
associated tissue.
In chapter 4 we describe the formation and characterisation of tertiary 
lymphoid tissue in the DSS induced colitis model. Both acute and chronic 
inflammatory time points were analysed and reveal that tertiary lymphoid 
tissue is only present in the chronically inflamed colon. However, in the 
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acutely inflamed situation colonic stromal cells present in the areas of 
ulceration appear to be activated and have upregulated molecules known to 
be important in the formation of lymph nodes. This suggests a recapitulation 
of the mechanisms involved in the formation of secondary lymphoid tissue 
in embryonic life as a result of the inflammatory setting. Interestingly, the 
formation of this tertiary lymphoid tissue appears to be affected by, yet not 
completely dependent on, the LTα1β2-LTβR signalling axis. This suggests 
that a lymphotoxin independent pathway exists for the formation of tertiary 
lymphoid tissue.  
In chapter 5 we show that adult BALB/c mice have higher expression levels 
of RALDH enzymes, compared to C57BL/6 mice, along with an increase 
of T cells and B cells in the small intestines. BALB/c mice also have higher 
RALDH activity in MLN-DCs and an increased ability to induce CCR9 
expression on CD4+ T cells and more FoxP3+ regulatory T cells which is 
most likely responsible for the increase in T cells observed within the small 
intestine. Therefore, the level of RA production is crucial for the efficiency of 
the mucosal immune system.
In chapter 6 we investigate inherent strain differences reported to be present 
in response to DSS induced colitis in BALB/c and C57BL/6 mice. BALB/c 
mice have been shown to be more resistant to DSS induced colitis and have 
a more rapid recovery rate than C57BL/6 mice. In this chapter we show that 
BALB/c mice have more organized GALT present in the colon along with 
more lymphocytes and regulatory T cells. Interestingly, BALB/c mice also 
have more vitamin A conversion enzymes (RALDH) present in the colon along 
with more retinoic acid signalling which may be responsible for differences 
observed in BALB/c versus C57BL/6 mice.
In chapter 7 we provide a summary of the findings in this thesis and discuss 
the data in the context of current literature along with potential new therapeutic 
application of vitamin A or RA in treatment of IBD.
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