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Abstract 

 

Immunomodulatory Effects of Vitamin D in Crohn’s Disease: Dendritic Cells, Gamma Delta  

T-cells and Homing 

 

 

Background Emerging epidemiological evidence implicates Vitamin D insufficiency in the 

risk of Inflammatory Bowel Disease (IBD).  Dendritic cells (DC) are thought to play a pivotal 

role in the dysregulated intestinal mucosal T-cell mediated immune responses which 

characterise IBD.  In vitro human blood studies and in vivo animal models of IBD, suggest 

that vitamin D is immunomodulatory inducing a tolerogenic DC phenotype and influencing 

leucocyte homing properties with potential therapeutic applications.   

 

Aims  

1) Determine Vitamin D status in Crohn’s Disease (CD) patients and identify associations 

with patient and disease phenotype;  

2) Determine homing molecule expression by circulating DC and T-cells, and the phenotypic 

properties of gamma-delta (γδ) T-cell populations in IBD patients and healthy controls;  

3) Determine in vitro immunomodulatory effects of 1,25-dihydroxyvitamin D3 (1,25-OH2D3) 

on co-stimulatory and functional phenotype of monocyte-derived DC and low density cells 

(LDC) enriched for DC isolated from peripheral blood and the terminal ileum. 

 

 

Results         Vitamin D insufficiency was common in CD.  Serum 25-hydroxyvitamin D 

negatively correlated with the Harvey Bradshaw Index and Physicians’ Rating of Disease 

Activity, but was not associated with disease phenotype including distribution and use of 

immunosuppression. 

 

There were no significant differences in the expression of gut and skin homing markers on 

circulating DC or T-cells in patients with CD compared with healthy controls.  The circulating 

γδ T-cell population was reduced in active IBD compared with controls.  Aberrant expression 

of skin-homing molecules on γδ T-cells, conventional T-cells and DC was demonstrated in a 

CD patient with an extra-intestinal cutaneous manifestation of IBD, abrogated upon clinical 

resolution in response to treatment with corticosteroids.  
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1,25OH2D3 promoted a functionally immature tolerogenic phenotype and monocyte-like 

state in LDC and monocyte-derived DC in vitro.  Initial investigations suggest that vitamin D 

impairs the ability of DC from the terminal ileum to stimulate T-cell proliferation.   

 

Conclusion Vitamin D insufficiency is common in IBD.  Vitamin D status correlated with 

clinical disease activity in Crohn’s Disease.  Vitamin D exerts immunomodulatory effects in 

vitro on MoDC and LDC, supporting the potential application of Vitamin D for therapeutic 

use in IBD. 
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Chapter 1 – Introduction to Dendritic Cells, Gamma Delta T-cells and Homing 

 

Vitamin D is well known for its classical endocrine role in calcium and phosphate 

homeostasis important in the maintenance of bone integrity.  However, vitamin D is now 

widely recognised to have far more extensive biological functions. Recent epidemiological 

and experimental evidence suggests that vitamin D has widespread immunomodulatory 

properties with potential therapeutic applications in Inflammatory Bowel Disease (IBD).  The 

main focus of this thesis is the immunological effects of vitamin D, primarily on dendritic cell 

function which is thought to be fundamental to the pathogenesis of IBD.  An understanding 

of DC origin, identification and functionality is therefore essential. 

 

1.1.1 Dendritic Cells 

 

1.1.1  Introduction to Dendritic Cells 

Dendritic cells (DC) are heterogeneous bone marrow-derived immune cells with a primary 

role of antigen-presentation which actively participate in innate and adaptive immune 

responses.  Although widely distributed, DC constitute only a small proportion of the overall 

mononuclear cell population, but play a disproportionate role in orchestrating the immune 

response.  DC are highly specialised “professional” antigen presenting cells (APC) which act 

as “gate-keepers or sentinels” of the immune system, responding to a spectrum of 

environmental cues.  In contrast to the many other types of immune cells capable of antigen 

presentation, such as macrophages and B-lymphocytes, DC have an unique ability to 

stimulate naïve T-cells and are able to determine the phenotype of subsequent T-cell 

differentiation (Banchereau et al.,2000). This role is pivotal in determining the dysregulated 

immune response to commensal microorganisms implicated in the aetiopathogenesis of IBD 

(Stagg et al.,2003).  Dependent on their functional state, DC can influence whether a 

tolerogenic (non-responsive) or active immune response occurs to an antigenic stimulus.  

DC can also determine whether the consequent effector T-cell reaction is predominately a 

T-helper (TH) 1, TH2, or TH 17 type immune response, as well as inducing proliferation of 

regulatory T-cells (TR) (Zou et al., 2010).  Furthermore, DC coordinate trafficking of an 

immune response by influencing tissue-specific homing of these effector T-cells 

(Sigmundsdottir & Butcher, 2008). 
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The “gatekeeper” role of DC is dependent on several intricate innate properties:  

 

1) Acquisition of antigen in peripheral tissues, such as the lamina propria of the gut, 

through special mechanisms for antigen capture and processing e.g. endocytosis.  DC 

recognise microbial antigens through Pattern Recognition receptors (PRR), such as Toll-like 

receptors (TLR), or respond to a spectrum of non-microbial stimuli including cytokines that 

indicate danger or tissue damage (e.g. TNF-).  

 

2) Capacity for rapid differentiation and maturation enabling DC to present antigen, 

classically in association with MHC class II molecules and co-stimulatory molecules 

(including CD40 / CD80 / CD86), to the T-cell receptor (TCR) leading to activation of naïve T-

cells in peripheral lymphoid tissue. 

 

3) Migration to local lymphoid tissues from specific tissue compartments e.g. lamina 

propria of the gut.  

 

4) Interaction with naïve effector T-cells to initiate and determine adaptive immune 

responses.  The profile of DC-derived cytokines directs the polarisation of T-cell TH1/TH17 

and TH2 phenotypes.  Production of IL-12 and IL-23 by DC promote a TH1/TH17 response, 

which predominates particularly in Crohn’s Disease, whereas IL-4 and IL-10 contribute to a 

TH2 or TR cell response (Steinman & Banchereau, 2007). 

 

1.1.2 Dendritic Cell Populations 

DC can be divided into several subsets based on phenotype, morphology, anatomical 

location and function (Dudziak et al.,2007).  Within these DC subsets there is considerable 

plasticity in function dependent on several factors including local environmental signals, 

microbial products and interaction with other cells, including TR cells. 

 

The first description of DC was in 1868 by the medical student Paul Langerhans.  His 

“Langerhans cell” was initially observed in gold-stained human skin epidermis and 

demonstrated dendritic-like projections in their cytoplasm (Langerhans 1868).  These cells 

were subsequently identified as a unique subset of DC containing specific cytoplasmic 

Birbeck’s granules (Birbeck et al.,1961).  In 1973, Steinman and Cohn then discovered and 
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characterised an unusual population of cells that were widely distributed in the lymphoid 

organs.  In the murine spleen these large stellate cells had properties distinct from those of 

phagocytes, lymphocytes and granulocytes.  This included large nuclei, a lack of features 

suggestive of active endocytosis and cytoplasm bearing “pseudopods” or “dendrites” of 

various forms, sizes and numbers; they were therefore named “Dendritic Cells” (Steinman & 

Cohn, 1973), although others have coined the term “Veiled Cells”, referring to their veil-like 

rather than dendritic morphology at electron microscopy (Figure 1.1).  Steinman and Cohn 

subsequently showed that DC expressed major histocompatibility complex (MHC) class II 

molecules required for antigen presentation and were major stimulants in the mixed 

lymphocyte response (MLR)(Steinman et al.,1983).  It was later demonstrated that DC also 

existed in humans (Van Voorhis et al.,1982).   Multiple DC subsets have now been identified 

in mice and humans which can be characterised by distinct phenotypes and functional 

activities (Ardavin 2003; Shortman & Liu, 2002). 

 

 

 

    

 
Figure 1.1: Dendritic cell morphology by Electron Microscopy. a) Scanning electron micrographs of “veiled” 

human dendritic cells (from the work of Brigid Balfour and Stella Knight).  b) DC “veils” interacting with T-

lymphocytes (Tyndall, Knight et al.,1983). 
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1.1.3  Dendritic Cell Precursors, Lineages and Subsets in Humans  

Human DC cells are continuously produced by the bone marrow from CD34+ haematopoietic 

stem cells and the occasional peripheral blood stem cell (Inaba et al., 1992; Katz et al., 

1979).  CD34+ stem cells differentiate in vitro into two distinct populations of DC: epidermal 

DC (Langerhans cells) and dermal DC (interstitial cells) (Caux et al., 1997).  Human DC in vivo 

differentiate into either myeloid (CD11c+) monocytes or lymphoid (CD11c-) precursors. In 

the skin epidermis, myeloid precursors differentiate into CD11c+ CD1a+ Langerhans cells 

whereas in other tissues they differentiate into CD11c+ CD1a- interstitial cells (Ito et al.,1999; 

Strunk et al.,1997) (Figure 1.2).   

 

 

1.1.4  Identification of Subsets in DC populations 

DC constitute a relatively small proportion of immune cells in blood and peripheral tissues 

(0.5-1%).  They do not express a single specific marker that identifies a cell as a DC, although 

some markers are exclusive to DC subsets e.g. BDCA-2 is a specific marker for plasmacytoid 

DC.   Hence, DC can be difficult to identify.  However, it is possible to identify DC in a process 

of exclusion by eliminating cells expressing non-DC cell surface markers at flow cytometry.  

In humans, all DC are characterised by high expression of human leukocyte antigen-DR 

(HLA–DR+), but lack expression of other cell lineage markers (Lin-), namely, CD3 (T-cells), 

CD19 (B-cells), CD14 (monocytes), CD16 (macrophages), CD 34 (progenitor cells) or CD56 

(natural killer cells) (Bell et al.,2001).   

 

There are 2 major DC populations present in human peripheral blood.  Myeloid DC are 

predominantly monocyte-derived and require granulocyte macrophage colony stimulating 

factor (GM-CSF) for survival and maturation whereas plasmacytoid (lymphoid) DC are of 

lymphoid origin and mature in the presence of IL-3.  
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Figure 1.2:  Dendritic cell lineage. Differentiation of CD34

+
 stem cells into epidermal (Langerhans) DC, derma/-

interstitial DC and “myeloid” and “lymphoid” DC. 

 

 

Myeloid DC (CD11c+ DC) 

Myeloid DC (M-DC) express CD11c, a B2 integrin which functions as a cell surface receptor 

mediating adhesive leukocyte interactions with other cell types (Córbi & Lopéz-Rodríguez, 

1997).  In addition, M-DC also express high levels of the granulocyte macrophage-colony 

stimulating factor (GM-CSF) receptor and other myeloid markers, such as BDCA-1 and BDCA-

3 (CD1c and CD141 respectively), but low levels of the Interleukin-3 (IL-3) receptor (CD123).  

They are CD45RA- / CD45RO+ (typically a marker of activation expressed by memory T-cells) 

and require GM-CSF for survival and differentiation.  M-DC are initially functionally 

immature based on their low stimulatory capacity, low expression of co-stimulatory 

molecules and high phagocytic capacity.  When these cells are cultured in the presence of 

appropriate stimulatory ligands / antigen (e.g. bacterial lipopolysaccharide, LPS) they 

demonstrate maturation with loss of phagocytic ability, up-regulation of co-stimulatory 

molecule expression (e.g. CD40) consequently becoming highly stimulatory in the MLR 

(Sallusto & Lanzavecchia, 1994).  Myeloid DC can be generated in the laboratory by 
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differentiation from CD14+ monocytes which are isolated from peripheral blood and 

stimulated in vitro culture containing GM-CSF and IL-4 for several days. 

 

In addition to forming a precursor pool of macrophages and immature M-DC, the monocyte 

also performs several other immune functions including the ability to endocytose foreign 

proteins or cells.  This is achieved either by opsonisation (facilitated indirectly by the binding 

of antibody or complement to foreign proteins) or the direct detection and binding of 

microbial peptides via PRRs which include TLRs.  Circulating monocytes (CD14+) are initially 

strongly positive for the surface receptor CD14, which acts as a co-receptor with TLR-4 to 

facilitate the detection and response to the bacterial antigen lipopolysaccharide (LPS) 

(Triantafilou & Triantafilou, 2002).  However, CD14 is expressed by other APC, such as 

macrophages and B-lymphocytes.  Upon differentiation from monocyte to immature DC, 

CD14 expression is down-regulated to the extent that mature DC can be distinguished from 

other APC as CD14-negative (CD14-). 

 

M-DC precursors are believed to migrate from the blood to the peripheral tissues (e.g. skin 

and gut), where they differentiate into several sub-populations of CD11c+ DC, including 

CD11c+CD1a- Interstitial /Dermal DC or CD11c+CD1a+ Langerhans DC of the skin epidermis 

(Ito et al.,1999; Strunk et al.,1997).  The trafficking of DC to these specific tissues is not fully 

understood. 

 

Plasmacytoid dendritic cells (CD11c- DC) 

Plasmacytoid DC (P-DC) constitute the other main subset of DC.  In contrast to M-DC, P-DC 

express intermediate or low levels of CD11c and high levels of other lymphoid makers 

including CD123, BDCA-2 and BDCA-4 (CD303 and CD304 respectively), but little GM-CSF 

receptor (Ardavin et al.,2001; Banchereau & Steinman, 1998; Shortman & Liu, 2002). 

 

Human P-DC represent a CD11c- DC population which differentiate from precursors upon 

culture with IL-3 plus the CD40 receptor ligand (CD40L) which is usually expressed primarily 

by activated T-cells (Ardavin et al.,2001; Banchereau et al.,2000).  Immature P-DC have poor 

stimulatory potential but mature following activation, acquiring strong stimulatory capacity 

upon exposure to CD40L in vitro.  P-DC are CD45RA+ / CD45RO- (also expressed by naïve T-
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cells) and express TLR-9, a PRR responding to bacterial deoxyribonucleic acid (DNA) and 

demethylated CpG deoxyoligonucleotides (Bauer et al.,2001; Krug et al.,2001 a/b).   Apart 

from expressing a low /intermediate level of CD11c-, P-DC also express Ly6C and B220. 

These cells are found in most organs including the intestine (Bilsborough et al.,2003; 

Colonna et al.,2004); Martin et al.,2002; Nakano et al.,2001; O'Keeffe et al., 2002; Asselin-

Paturel et al.,2001; Asselin-Paturel et al.,2003). 

 

Functionality of DC subsets 

It has been proposed that different DC subsets direct specific immune responses, such as 

polarising a TH1/TH2 response or immunotolerance.  For example, human myeloid DC 

derived from monocytes (MoDC) in the laboratory are associated with elevated IL-12 

production and the generation of IFN-y stimulating proliferation of TH1 cells (Rissoan et al., 

1999).  P-DC are functionally characterised by the production of large amounts of  type-1 

interferons (IFN-/) in response to viral antigens, stimulating IFN- producing T-cells and a 

TH1 type immune response, but are also capable of generating TH2 responses (Siegal et 

al.,1999; Rissoan et al.,1999; Cella et al.,2000). 

 

This outline of DC functions is likely to present a gross over-simplification of DC capabilities 

since there appears to be a considerable degree of plasticity in their responses, which is 

dependent on several factors including local environmental factors such as DC lineage, 

maturation status and numbers; danger and inhibitory cytokine exposure (Grohmann et 

al.,1998., Rissoan et al.,1999), and modulation by microbial factors or other environmental 

cues.   Hence, DC are likely to display tissue specific specialisation that enables them to 

function appropriately in diverse settings. 
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1.2  Intestinal Dendritic Cells 

 

1.2.1  Intestinal DC and Immune Regulation 

The intestine represents the largest and most complex component of the immune system.  

The gut mucosal immune system must walk the tight rope of maintaining a disease-free 

state in the presence of a highly antigenic environment, whilst responding appropriately to 

disease causing organisms.  Continual exposure to antigen results from the diverse and 

dynamic luminal environment containing normal commensal gut flora, as well as a variety of 

potential pathogens.  Any defects in this delicate balance could lead to an overly aggressive 

response to normal gut flora or food antigen, resulting in inflammation and tissue damage, 

or an impaired ability to limit pathogenic organisms.  In order to achieve this balance, there 

is a tightly regulated state of restrained immune reactivity termed “physiological” 

inflammation.  DC play a particularly crucial role in orchestrating appropriate immune 

responses or tolerance in the gut, dysregulation of which is fundamental to the 

pathogenesis of IBD (Chehade & Mayer, 2005; Podolsky 2002).  

 

Intestinal DC located at the intersection between the innate and adaptive immune systems 

are likely to be central to this process.  They survey the mucosal microbial environment, 

coordinate immune responses to danger signals (Niess & Reinecker, 2005) and prime naive 

T-cells appropriately in order to control overwhelming infection or tissue inflammation 

(Nagler-Anderson 2001; Steinman et al.,2003).  The decision between the induction of 

tolerance and active immunity is dependent on the responding subset of DC, surface 

receptors involved and the tissue environment during the DC activation, maturation, 

migration and T-cell priming process.  During the steady state, DC traffic through intestinal 

tissues with the turnover time of a few days (Pugh et al.,1983). 

 

The intestinal immune system can be functionally divided into 2 main functional sites: 1) 

antigen-presentation sites (i.e. lymphoid tissue) and; 2) effector sites – the more generalised 

peripheral gut tissue which includes the epithelium and the lamina propria (Eberl 2005). 

 

In order to facilitate the interaction between the relatively low numbers of lamina propria 

antigen-presenting gut DC and naïve T-cells, the gut immune system is compartmentalized 

so that activation of these naive T-cells is concentrated in the secondary lymphoid organs, 
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including the mesenteric lymph nodes (MLN), Peyer's patches (in the small intestine), 

colonic patches and isolated lymphoid follicles. 

 

Intestinal DC are also located within the interstitial compartments of peripheral tissues, 

including the mucosal lamina propria, interspersed with large numbers of resident 

macrophages, T-cells, and IgA secreting B-cells (Campbell & Butcher, 2002; Garside et 

al.,2004; Kunkel et al.,2003; Iwasaki & Kelsall, 2001; Maric et al.,1996). 
 

 

Gut CD8 lymphocytes are predominantly antigen-experienced memory cells that produce 

interferon and have potent cytolytic activity (Guy-Grand & Vassalli, 2002).  CD4, CD8, and B-

cells appear to remain in the lamina propria, whereas some CD8 lymphocytes migrate to 

sites near the tip of the villous to become intraepithelial T-cells (IELs) (MacDonald & 

Monteleone, 2005; Suzuki et al.,2002).  The CD8 IEL population includes cells which 

expressing  or  T-cell receptors (Lefrancois et al.,1994). 

 

In common with other tissues, intestinal DC comprise a heterogeneous and often 

compartmentalised population.  For example, in the mouse, three subsets of CD11c+ DC 

have been described in the MLN and Peyer’s patches: CD11b+ CD8α- DC in the subepithelial 

dome, CD11b- CD8α+ in the interfollicular regions and CD11b- CD8α- (double negative) 

subsets in both areas (Iwasaki & Kelsall, 2000, 2001). 

 

DC in intestinal tissues include conventional M-DC and P-DC. Human colonic lamina propria 

(LP-DC) are largely CD11c+ M-DC with few identifiable P-DC (CD11c- CD123+) (Bell et al.,2001; 

Hart et al., 2005).  CD103 is expressed by the majority of human intestinal IEL (90%), but also 

the majority of other extraintestinal IEL.  CD103 (αE) forms a heterodimer with β7 integrin 

and mediates lymphocyte adhesion to IEL via interactions with E-cadherin (Cepek et 

al.,1994).  A sub-population of CD103+ DC have also been identified in the gut-associated 

lymphoid tissue (GALT) of humans (Johansson-Lindbom et al.,2005).  In contrast, in the 

peripheral blood and peripheral lymphoid organs CD103 is only expressed by 0.5-5% 

lymphocytes.  CD103 has the potential to indicate an intraepithelial destination or origin for 

CD103+ cells.  However, DC particularly myeloid DC, do not generally recirculate becoming 

‘lost’ in the LNs, possibly by removal by  natural killer (NK) cells or cytotoxic T-lymphocytes 

(CTL), and do not come out in the efferent lymphatics.  However, the finding that CD103 
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expression can be induced upon activation and /or by TGF1 may lead to misinterpretation. 

LP-DC are also characterised by their expression of DC-SIGN (dendritic cell specific ICAM-3 

grabbing non-integrin, an adhesion molecule) and CD83 (a co-stimulatory molecule), 

although both markers are not entirely specific to DC (i.e. DC-SIGN is also expressed by 

macrophages) (Khoo et al.,2008). 

Although diverse DC lineages with distinct morphology have been recognised in the lamina 

propria and organised lymphoid tissues, the functional significance of DC subsets in the 

murine and human intestine is increasingly better recognized.  DC functionality appears 

dependent on several DC factors including population subset, anatomical location as well as 

the tissue microenvironment.  Data in animal models have begun to provide insight into the 

anatomical and functional specializations of gut DC subsets, suggesting that they may be 

influenced by tissue-specific factors; other important factors include the antigen itself and 

the state of activation of DC.  Indeed, intestinal DCs have properties distinct from their non-

mucosal counterparts, probably as a result of their particularly close association with the 

external environment.  They are likely to be involved in both induction of non-

responsiveness (tolerance) and responsiveness (immunogenicity) to antigens in the gut.  For 

example, CD11b+ DC isolated from murine Peyer’s patches produced low IL-12 and more IL-

10 than splenic DC, hence having a tendency to induce TH2 responses. In contrast, the 

CD11b- subsets produced IL-12 but not IL-10 and induced the differentiation of IFN-γ 

secreting T-cells resulting in a TH1 polarised response (Iwasaki & Kelsall,1999). 

1.2.2  Dendritic Cells: Antigen Detection, Activation and Maturation 

 

Antigen Detection  

Effective and appropriate immune responses depend on the recognition of pathogens by DC 

and other immune cells.  DC express a series of promiscuous surface receptors (pattern 

recognition receptors - PRR). PRRs recognise a limited set of conserved molecular patterns, 

referred to as pathogen associated molecular patterns (PAMPs), which are expressed by 

microorganisms including bacterial cell wall components (LPS or peptidogycan), 

unmethylated CpG motifs in bacterial DNA or double stranded viral RNA.  It is unclear how 

PRR distinguish between the abundant commensal microbiota and the rare pathogen but 

these interactions are likely to be complex (Akira, 2006; Akira et al.,2006).  Microbes can 



34 

 

directly activate DC through PRR, or indirectly, by the capture of apoptotic or necrotic cells 

dying in response to microbial stimuli.  Maturation of DC may also occur upon stimulation 

by pro-inflammatory cytokines such as TNF-α, type 1 IFN and IL-1, which have been 

produced after viral or microbial infection (Neish 2008).  

PAMPs are recognised through several PRR families, in particular Toll-like receptors (TLRs) 

and intra-cytoplasmic nucleotide-binding oligomerization domain-like (NOD) receptors. 

 

Toll-like receptors (TLRs) 

To date the best characterised family of PRRs are the TLRs, of which at least ten have been 

identified in humans.  These are largely characterised by their cellular localisation (surface 

or intracellular), differential expression by distinct DC subsets and the specific microbial 

product detected. For example, surface TLR-2 and TLR-4 expressed by M-DC detect Gram 

positive cell walls (peptidoglycan) and LPS from E. coli respectively, whilst intracellular TLR-9 

expressed by P-DC detects CpG motifs from bacterial DNA (Akira  et al.,2001; Akira,2009; Liu 

2005; Krug et al.,2001; Stagg et al.,2003; Hemmi et al.,2002; Nakao et al.,2005). 

Signalling through different TLRs generates distinct immune responses. The TLR-4 ligand LPS 

(from E.coli) stimulates IL-12 production by M-DC, leading to a subsequent TH1 response.  In 

contrast, the TLR-2 ligand LPS (from P.gingivalis) stimulates M-DC to secrete IL-10, polarising 

a TH2 response (Kocgozlu et al.,2009; Jotwani et al.,2010). 

Our laboratory has shown that isolated human LP-DC express low TLR-2 and TLR-4 

compared with their blood counterparts (Hart et al.,2005).  These LP-DC also show an IL-10-

dependent inability to induce pro-inflammatory IL-12 in the healthy state.  This supports the 

hypothesis that LP-DC are conditioned, by commensal intestinal bacteria and other local 

factors, to develop IL-10-dependent unresponsiveness and hence immunotolerance in 

response to potentially inflammatory stimuli such as TLR ligands (Monteleone et al.,2008). 

 

NOD-like receptors  NOD receptors recognise intracellular microbial components and signal 

pathways that produce pro-inflammatory cytokines (Mariathasan & Monack, 2007; 

Delbridge & O'Riordan, 2007). DC express NOD1, which recognises muramyl-tripeptides 

from gram negative bacteria, and NOD 2, which recognises muramyl-tripeptides common to 

peptidoglycans of all bacteria species (Fritz & Girardin, 2005; Fritz et al.,2006). NOD2 is a key 
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cytoplasmic sensor of intracellular bacterial peptidoglycan and a mediator of innate 

immunity.  Mutations in NOD2 have been associated with ileal Crohn’s disease (Hugo et 

al.,2001; Ogura et al.,2001) suggesting that dysregulated recognition of intestinal microbiota 

bacteria contributes to development of inflammatory disease in genetically susceptible 

subjects.  

 

Innate lymphocytes, natural killer (NK) cells and γδ T-cells also trigger DC maturation and 

vice versa.  This cross talk between DC and innate lymphocytes occurs largely in the 

secondary lymphoid organs.  This process is multi-directional, involving not only cell to cell 

contact but also soluble factors in the microenvironment (Reschner et al.,2008).  Initially 

innate cells induce DC maturation via cell contact mechanisms, DC then enhance and 

expand the numbers of these innate lymphocytes.  Lastly, maturing DC can also process 

antigens from cells lysed by innate lymphocytes to elicit T-cell adaptive immunity. The 

interaction of DC with innate lymphocytes appears to represent a major control mechanism 

for immunity that is independent of TLR ligands (Munz et al.,2005).  

1.2.3  Antigen Uptake by Intestinal DC 

A single layer of epithelial cells separates the intestinal lamina propria (a layer of connective 

tissue between the intestinal epithelium and the intestinal muscularis mucosa layer 

containing various myeloid and lymphoid cells, including macrophages, dendritic cells, T-

cells and B-cells) from the gut flora, protected by a thick layer of mucus containing 

bactericidal defensins, neutrophils, large amounts of antigen-specific secretory IgA and the 

epithelial layer itself (Sansonetti 2004).  Consequently, intestinal DC are in close apposition 

with the gut contents and can sample antigens from the intestinal lumen via at least 4 

pathways (Figure 1.3a): 

 

1) M-cells transport of antigen: The follicle-associated epithelium which overlays Peyer’s 

patches, contains microfold (M) cells which transport luminal antigens to the sub-epithelial 

dome of Peyer’s patches for DC sampling. M-cells are also located in the villous epithelium 

helping to deliver antigen to DC in the lamina propria (Liu and Macpherson, 1991; Kelsall et 

al.,1996; Jang et al.,2004; Kraehenbuhl & Neutra, 2000). 
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2) Direct sampling of luminal antigen: DC in the lamina propria, in close contact with the 

epithelium, can open tight junctions between epithelial cells sending transepithelial 

“dendritic” processes into the lumen to sample antigen directly, a process observed in EM 

studies of rat and human intestine (Figure 1.3b) (Niess et al.,2005; Collan, 1972; Rescigno et 

al.,2001).   

 

3) Indirect sampling of antigen via epithelial cells: DC may acquire antigen indirectly upon 

internalisation of apoptotic epithelial cells (Huang et al., 2000).  Alternatively, epithelial 

cells, which are also able to recognise bacterial products via expression of TLRs and 

NOD(Cario et al,.2000; Hisamatsu et al.,2003; Inohara et al.,2001), may transport antigen to 

DC by shedding antigen bearing exosomes (van Niel et al.,2001; Karlsson et al.,2001; Morelli 

2006).  

 

4) Direct access to antigen via breaks in epithelial integrity:  The identification of DC 

populations within the epithelial layers supports the notion that bacteria may gain access to 

LP-DC directly following the breakdown of the epithelial barrier during infection and/or 

inflammation, as seen in IBD (Maric et al., 1996). 

 

a)  b) 
 

Figure 1.3 Antigen sampling by intestinal DC: a) Modes of antigen sampling and uptake by intestinal DC.   

1) Transport of antigen by M-cells, 2) direct sampling via extension of dendrites through gap junctions into the 

intestinal lumen, 3) epithelial cell presentation of antigen or following of apoptosis of epithelial cells and 4) 

penetration of antigen into the LP due to breaks in epithelial integrity (Taken from Stagg et al., 2003). b) 

Electron Microscopy (EM) of a human colonic DC sampling antigen. This EM picture shows the potential for 

direct sampling of luminal antigen by human lamina propria colonic DC from a patient with Crohn’s Diseases 

(Courtesy of Nick English, APRG). 

Lumen 
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1.2.4 Dendritic Cell markers of Differentiation and Maturity: Co-stimulatory and 

Inhibitory Molecules 

 

A major feature of the life history of DC is maturation which is used to describe the intricate 

differentiation process whereby DC respond to an environmental stimuli, acquire potent 

immunostimulatory functions and subsequently elicit an adaptive immune response.  This 

process involves loss of their endocytic and phagocytic receptors (Garrett et al., 2000), 

extension of dendrites to expand surface area for T-cell interaction, up-regulation of MHC 

class II and co-stimulatory molecules (Table 1.1),  sensing of pathogen components via TLR, 

and a change in chemokine receptor expression from CCR6 to CCR7, thereby promoting DC 

migration to lymphoid tissues (Iwasaki & Medzhitov, 2004).  In concert with these 

processes, DC acquire the ability to activate naïve T-cells. 

 

CD14 

Myeloid DC are derived from immature monocyte precursors which express the surface 

marker CD14.  CD14 is a glycolipid-anchored membrane glycoprotein expressed on cells of 

the myelomonocyte lineage including macrophages and some granulocytes. CD14 also acts 

as a co-receptor, along with the TLR 4, for the detection of bacterial LPS. CD14 only binds 

LPS in the presence of lipopolysaccharide-binding protein (LBP).  Although LPS is considered 

its main ligand CD14 also recognizes other pathogen associated molecular patterns. During 

differentiation from monocytes, as seen during culture of isolated peripheral blood 

monocytes with GM-CSF and IL-4, immature DC subsequently lose expression of CD14.  

Immature tissue DC are endocytically active but express low surface levels of MHC class II 

and co-stimulatory molecules, and are weak stimulators of T-cell proliferation. 

 

Co-stimulation molecules 

Naïve T-cells classicially require two signals to become fully activated.  A first signal, which is 

antigen-specific, is provided through the TcR which interacts with peptide-MHC molecules 

on the membrane of APC.  A second signal, the co-stimulatory signal, is antigen non-specific 

and is provided by the interaction between co-stimulatory molecules expressed on the 

membrane of APC and the corresponding T-cell receptor e.g. the binding of the B7 family of 

co-stimulatory molecules (CD80, CD86) on APC with CD28 on T-cells.  T-cell co-stimulation is 
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necessary for T-cell proliferation, differentiation, survival and cytokine secretion.  Activation 

of T-cells without co-stimulation or interruption of this signal with CD28 antagonists not 

only results in the suppression of the immune response, but in some cases induces antigen-

specific tolerance or T-cell anergy (lack of reaction) (Lenschow et al.,1996). 

 

A sequential multiple-step model for T-cell activation has been proposed which involves the 

increasingly complex CD28/B7 system, multiple receptors and ligands with positive and 

negative signaling activities.   CD40-CD40L (APC:T-cell) interactions are critical for 

development of CD4 T-cell-dependent effector functions which appear to play a role in early 

signalling events.  This interaction seems to be required to induce expression of other co-

stimulatory molecules on APC.  A proposed sequence of events is that DC take up antigens 

at the site of injury or infection and migrate to lymph nodes, where they present antigens 

complexed with MHC class II molecules to naïve T-cells. This results in subsequent 

expression of CD40L on T-cells.  Coupling of this newly expressed CD40L on T-cells with 

CD40 expressed by activated and now mature APC results in enhanced or sustained 

expression of the B7 family of co-stimulatory molecules by the APC (e.g. CD 80, CD 86).  At 

this time the co-stimulatory signal provided by the APC is received by the T-cells via CD28 / 

cytotoxic T-lymphocyte associated antigen (CTLA-4), which drives complete T-cell activation, 

thus preventing induction of anergy, or ineffective or abortive T-cell stimulation (Grewal et 

al.,1996). 

 

 

  Percentage +ve cells       Mean fluorescence intensity (MFI) 

 Monocytes   DC  Monocytes      DC    

CD14 765  144   2980712 280230   

HLA-DR 736  809   28597 870570 

CD40 827  942   8432  710297 

CD86 755  545   8424  400270 

CD80 51  286   5034  290130 

 

Table 1.1: Typical surface phenotype of original monocytes and subsequent monocyte-derived dendritic 

cells. These data demonstrate typical differences between surface molecule phenotypes on DC compared to 

the precursor monocytes from which they are derived. FACS analysis of CD14, HLA-DR, CD 86 and CD80 

following labelling with specific fluorochrome-conjugated monoclonal antibodies. The mean percentage of 

positive cells (i.e. cells with a signal over that of the antibody’s isotype control) is given along with the mean 

fluorescence intensitystandard deviation (Canning et al.,2001). 
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CD83 is a co-stimulatory marker often used as an indicator of DC maturity.  CD83 is strongly 

up-regulated together with other co-stimulatory molecules, such as CD80 and CD86, during 

DC maturation and plays an important role in DC-mediated T-cell proliferation.  Blockade of 

CD83 in CD83-/- knockout mice leads to inhibition of CD4+ T-cell generation (Lechmann et 

al.,2002).     Of relevance, despite CD83 expression, LP-DC demonstrates an apparent 

immature state with low TLR-2 and TLR-4 expression when compared with their blood 

counterparts (Personal communication, Dr. David Bernado-Ordiz, APRG).  This difference 

may have relevance to their capacity for immunotolerance. 

 

Immunoglobulin-like transcript-3 (ILT-3)  

Tolerogenic DC are characterised by low co-stimulatory potential and high expression of the 

inhibitory receptor immunoglobulin-like transcript-3 (ILT-3).  ILT-3 appears to perform a dual 

role not only in preventing DC activation itself, but also facilitating bidirectional regulatory 

interaction with TR cell types.  ILT-3 is selectively expressed by APC including monocytes, 

macrophages and DC.  ILT-3 signalling leads to reduced translocation of nuclear factor 

kappa-light-chain enhancer (NF-B) of activated B-cells.  This limits transcription of the NF-

B dependent co-stimulatory molecules (CD80, CD86) which are required to facilitate 

effector T-helper cell proliferation and maturation (Suciu-Foca & Cortesini, 2007). 

 

Exposure to antigens, such as LPS and CpG oligodeoxynucleotides, induce maturation in 

immature myeloid and plasmacytoid DCs respectively.  This maturation is associated with 

down-regulation of ILT-3, suggesting that down-regulation of inhibitory receptors on mature 

DC could play a role in facilitating subsequent stimulation of T-cell responses.  Furthermore, 

ligation of CD40 expressed by DC, a signal mimicking interaction with T-cells which express 

CD40L, also reduced ILT-3 expression by M-DCs.  This suggests that ILT-3 down-regulation 

may be involved in the ongoing maintenance of T-cell responses.  ILT-3 expression is not 

decreased by CD40L triggering in P-DCs, although this is sufficient to induce their 

maturation.  Maintenance of expression of ILT-3 by P-DCs is associated with induction of TH2 

cells whilst blockade by anti-ILT-3 monoclonal antibody skews T-cell differentiation to the 

TH1 pathway (Penna et al.,2005).  In contrast to the tolerogenic properties of ILT-3Hi DC, ILT-

3 knock-out DC have increased capacity to produce inflammatory cytokines and promote 

pro-inflammatory TH1 and TH17 T-cell responses (Chang et al.,2002).  The finding that pro-
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inflammatory cytokines, such as IFN-, also up-regulate ILT-3 expression by APC suggests a 

crucial importance of an inhibitory feedback mechanism that limits inflammation and 

possible progression to autoimmune disease. 

 

Whilst tolerogenic DC can induce regulatory (TR) and suppressor (TS) T-cell populations from 

naïve T-cells, bi-directional signalling through the T-cell receptor-MHC interaction also 

enables TR cells in turn to promote tolerogenic DC.  These inhibitory properties of TR cells 

are thought to be central to prevention of autoimmune disease and other illness associated 

with loss of tolerance.  For instance, CD4+CD25+ lymphocytes are the best characterised TR 

cell subsets which inhibit immune responses via mechanisms independent of APC.  This 

results in T-cell anergy (non-responsiveness) and the delivery of a T-cell “off” signal via 

expression of the co-stimulatory molecule CTLA-4.   

 

Tolerogenic ILT-3HiAPC cannot stimulate a full repertoire of CD4+TH responses, instead 

inducing CD4+ TH cell anergy as a result of TCR-triggering in the concomitant absence of the 

necessary co-stimulatory molecules (CD86 and CD80).  Furthermore, anergisation of 

CD4+CD45RO+CD25+ T-cells by tolerogenic DC promotes conversion into CD4+Foxp3+ TR, 

which in turn continue the suppressive cascade by tolerising other DC (Liu et al.,1998; 

Manavalan et al.,2003). 

   

ILT-3 therefore plays an important role in the plasticity demonstrated by DC in response to 

environment and the role of bidirectional interactions with TR cells.  This is likely to play an 

important part in immune homeostasis and prevention of autoimmune disease. 

 

1.2.5 Migration of DC to Lymphoid Tissue 

Immature DC like their monocyte precursors, are able to endocytose and internalise antigen 

acquired in the peripheral tissues.  DC process this antigen by classically assembling a MHC-

antigen peptide complex to present to the T-cell receptor (TCR) upon migration to lymph 

nodes (Weir & Stewart, 1993). 

 

Pathogen products such as LPS and the local production of danger signals such as TNF or 

IL-1 can all mediate DC maturation, triggering peripheral DC migration into the T-cell area of 
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lymphoid organs.  Migration of maturing DC involves the coordinated action of several 

chemokines. Importantly, each immature DC population displays a unique spectrum of 

chemokine responsiveness. For example, Langerhans cells migrate selectively to MIP-3 via 

CCR6 which is essential for DC positioning at epithelial surfaces (Cook et al.,2000; 

Vanbervliet et al.,2002), whereas blood CD11c+ DC migrate to MCP chemokines via CCR2, 

which in the intestine, may be responsible for recruitment of DC to the lamina propria.  

MoDC respond to MIP-1 / via CCR5 which is important in DC recruitment to inflammatory 

sites (Aliberti et al., 2000; Sallusto et al., 1998).  In contrast, blood CD11c- DC precursors do 

not respond to any of these chemokines. All these chemokines are inducible by 

inflammatory stimuli, in particular MIP-3, which is only detected within inflamed 

epithelium, a site of antigen entry known to be infiltrated by immature DC. 

 

In contrast to immature DC, mature DC lose their responsiveness to most inflammatory 

chemokines through receptor down-regulation or desensitization, but acquire 

responsiveness to MIP-3(CCL19)  and 6Ckine (CCL21) as a consequence of CCR7 up-

regulation endowing lymphoid tissue homing properties driving the migration of lamina 

propria DC to mesenteric lymph nodes (MLN) (Dieu et al., 1998; Forster et al., 1999; Jang et 

al., 2006; Sallusto et al., 1999).   In addition, both memory and naïve T-cells express CCR7. 

Overall CCR7 appears to be involved in the recruitment and retention of DCs and naïve T 

lymphocytes to secondary lymphoid organs hence and hence are likely to play a key role in 

helping antigen-presenting DCs to encounter the T-cells they subsequently stimulate 

(Banchereau et al.,2000; Caux et al.,2000). 

 

In the absence of inflammation or infection, immature or “steady state” DC within tissues 

are continuously on patrol and migrate to organised lymphoid tissues via the lymphatic 

channels; these immature cells present self-antigens for the induction and maintenance of 

self-tolerance (Steinman et al.,2000; Steinman et al.,2003) which silences potentially 

autoreactive T-cells that may have escaped thymic deletion (Lutz & Schuler,2002; Steinman 

& Nussenzweig, 2002). Non-responsiveness is not only confined to self antigens but can also 

be induced to foreign antigens (Hawiger et al.,2001). 
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1.2.6 Polarisation of T-cell Responses  

DC can contribute to the expansion and differentiation of most classes of lymphocytes.  

Both the type of DC and its maturational status influence the subsequent T-cell responses 

and their effects on adaptive immunity. In addition to driving the clonal expansion of 

proliferative T-cells, DC can shape the functional differentiation of dividing T-cells. CD4+ TH 

cells can be divided into two main functional subsets based on their cytokine production 

(Mosmann et al., 1986). These two major pathways of differentiation are known as TH1/TH2. 

 

The TH1-TH2 hypothesis was based on the observation that each subset of CD4+ TH cells 

produced different patterns of cytokines and induced different effector functions. TH1 

differentiation is characterised by the production of IL-2, GM-CSF, TNF-α and IFN-γ which 

are instrumental cytokines in cell-mediated immunity against intracellular virus, bacteria or 

protozoa and/or promotion of cytotoxicity in NK cells and CD8+ T-suppressor cells 

(Mosmann et al., 1986). IL-12 plays a pivotal role in driving the pro-inflammatory TH1 

differentiation (Macatonia et al.,1995)  implicated in the pathogenesis of IBD.   

 

TH2 cells have been shown to drive humoral immunity directed towards clearing 

extracellular pathogens. They stimulate B-cells to produce immunoglobulin E (IgE), enhance 

the maturation of eosinophils and promote degranulation of mast-cells and basophils. The 

production of IL-4 and IL-10 by DC contribute to the TH2 response. This response is 

accompanied by the synthesis of high levels of IL-5, IL-6 and IL-13; cytokines which are 

important against multi-cellular parasites, like helminths.  

 

Recently, a new subset of IL-17 producing TH17 cells with effector functions distinct from 

those of TH1 and TH2 cells have been identified (Bettelli et al.,2008). This TH17 subset is 

required for autoimmunity and tissue inflammation. DC-derived IL-23 drives generation of 

pro-inflammatory IL-17 secreting TH17 T-cells and secretion of TNF (Mannon et al.,2004; 

Zhang et al.,2006; Hue et tal.,2006; Izcue et al.,2008; Awasthi & Kuchroo, 2009; Langrish et 

al.,2005; Pflanz et al.,2002).    

 

However, the TH1/ TH2 paradigm is recognised as an oversimplication of the complexity that 

underlies the immune response and these pathways are not always mutually exclusive (Gor 

et al.,2003). 
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Regulatory T-cells (TR) are a component of the immune system that suppress immune 

responses of other cells.  The best known TR are CD4+CD25+Foxp3+ cells, which express the 

forkhead box transcription factor p3 (Foxp3) (Hori et al., 2003; Zheng et al.,2007; Sakaguchi 

et al., 2008), and CD8+ suppressor T-cells.  These cells are involved in shutting down 

immune responses after they have successfully tackled invading organisms, and also in self-

tolerance and immune homeostasis thereby preventing potential autoimmunity.  The 

immunosuppressive cytokines TGF-beta and IL-10 have been particularly implicated in TR cell 

function (Schwartz 2005).  The relationship between DC and T-regs is complex, however DC 

do influence peripheral tolerance and the generation of TR cells (Dhodapkar &  Steinman, 

2002).  Of particular relevance, murine MLN and small intestinal lamina propria CD103+ DC 

induced enhanced Foxp3+ TR cell (Treg) differentiation via a mechanism dependent on 

retinoic acid (RA) and TGF-β (Coombes et al.,2007; Sun et al.,2007).  Human MLN CD103+ DC 

also induce Foxp3+ Treg and RA receptor signalling (Iliev et al.,2009; Denning et al.,2007). 

 

Mature DC

Naïve T cell (T0)

Th1 Th2Th17

IL-23 

IL-6 
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Figure 1.4: Proposed mechanisms of control of T-cell responses by dendritic cells. This figure illustrates the 

development of TH1, TH2, TH17 and TR cells from naïve CD4
+
 T-cells following activation by DC. Excessive TH1 

response in the absence of adequate regulatory response leads to inflammatory pathology.  
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1.3 Gamma- Delta () T-cells 

 

1.3.1  Introduction to  T-cells 

 T-cells are innate lymphocytes which, in contrast to CD4+ 
 T-cells, express the T-cell 

receptor (TcR).   T-cells constitute a minor population of T-cells in human peripheral blood 

(<10% of the circulating lymphocytes (Haas et al.,1993), however they are enriched at 

immunologically privileged epithelial sites, such as the skin, lung and gut ((Tonegawa et al., 

1989).  The exact physiological role of this subpopulation of T-cells is not yet totally 

understood, however, they be important in restricting immune responses and maintaining 

epithelial integrity. Gamma Delta (γδ) T-cells are the focus of Chapter 7. 

 

In contrast to the conventional TcR, the phenotype of γδ T-cell receptor (TcR) depends on 

the constituent Vγ and Vδ chain combinations which may determine localisation to tissue 

compartments (e.g. blood / epithelium) from their thymic site of origin.  γδ T-cells 

expressing the V1 chain are the main tissue subset of epithelial T-cells  (Leslie et al,. 

2002), the majority (>70%) express V1-encoded receptors (Deusch K et al,. 1991).  V2+ γδ 

T-cells constitute the main circulatory population of γδ T-cells (Tanaka, Morita et al.,1995).  

In addition to playing a role in homing to specific tissues, the limited restriction of the γδTcR 

repertoire may also determine antigen responsiveness.   

 

The 2 main γδ T-cells subsets (V1 and V2) appear to be activated in different ways, 

respond to different type of peptide and carry out different effector functions.  For example, 

the mainly epithelial V1 T cells largely recognize stress-inducible MHC-related (self) 

molecules and several other ligands via CD1-restricted presentation by APC, whereas 

circulating human V2 T cells are thought to mainly directly recognize small bacterial non-

peptide phosphoantigens, independently of CD1. 

 

γδ T-cells exhibit both innate immune system characteristics, which mediate a rapid first line 

of defence against pathogens, as well as features of the adaptive immune system, in which 

largely B and T-cells coordinate a slower, but highly antigen-specific immune response 

which leads to long-lasting memory against subsequent challenges by the same antigen 

(Holtmeier & Kabelitz.,2005).  In some ways, at an effector level γδ T-cells are not dissimilar 



45 

 

to conventional αβ T-cells.  For example, they display broad cytotoxic activity, utilising the 

same pathways as αβ T-cells  (Koizumi et al.,1991; Dieli et al.,2001; Oliaro et al.,2005) to lyse 

infected / stressed cells such as macrophages, thereby limiting the spread of infectious 

microorganisms  (Oliaro et al.,2005).  Activated human γδ T-cells also secrete a range of 

cytokines and chemokines including the pro-inflammatory TH1 cytokines IFN-γ and TNF-α 

(Garcia et al.,1997; Wang et al.,2001a).  However, depending on the physiological 

environment, γδ T-cells can also produce TH2 cytokines such as IL-4 (Spinozzi et al.,1995) 

and IL-10 (Jameson et al,.2007). 

 

γδ T-cells are not fully subject to the strict classical MHC (I+II) restricted peptide recognition 

which applies to the majority of T-cells, designed to avoid the potential for “horror 

autotoxicus” resulting from self-reactive T-cells populations.  However, the presentation of 

antigen by DC, after migration to the secondary lymphoid tissue, to limited numbers of αβ T-

cell clones with a narrow range of antigen specificity, is not conducive to a rapid response to 

danger signals encountered at epithelial sites.  Since, γδ T-cells lack this very narrow range 

of antigen specificity and are not wholly APC dependent, they may facilitate rapid innate-

type immune responses at extra-lymphoid sites, before adaptive immunity has reached full 

competence. Although, γδ T-cells are capable of recognising stimulatory ligands presented 

either conventionally by APC following processing of microbial peptides in association with 

MHC I+II or microbial / self non-peptides presented via alternate presentation systems (e.g. 

CD1), they may also directly detect microbial peptides and stress induced ligands directly 

(Kaufmann 1996; Pardoll 2001), providing a rapid first line of defence against invading 

pathogens.                                                                                                                                        

 

1.3.2 Role of CD28 in the activation of γδ T-cell   

The activation of γδ T-cells is thought to be controlled in part by co-stimulatory signals in a 

manner similar to αβ T-cells in which activation and subsequent production of TNF-α 

requires engagement of both the αβTcR-CD3 complex and the associated co-stimulatory 

antigen CD28, leading to a memory phenotype (CD45RA-CD45RO+) (Shafer et al.,1999).  The 

role of CD28 co-stimulation in γδ T-cells is unclear and contradictory, particularly as TNF-α 

production in circulating Vγδ2 T-cells can reportedly be triggered through the TcR-CD3 

complex independently of CD28 (Lafont et al,.2000).  Indeed, a large majority of circulating 
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γδ T-cells express NKG2, a member of the Natural Killer cell receptors (NKRs), which mediate 

cytotoxic activity by rapidly secrete cytokines (IFN- and TNF) (Das et al,.2001).  Ligands for 

NKG2 (e.g. MICA / MICB) are induced by cellular stress, including viral or bacterial infections. 

Hence, stress-antigen engagement may co-stimulate γδ T-cell effector functions rapidly 

initiating a “stress-surveillance response”, independent of APC presentation (Strid et 

al.,2008), resulting in cytotoxic activity and lysis of infected macrophages.  

 

1.3.3 An immunomodulatory role for γδ T-cells   

γδ T-cells may also possess immunomodulatory properties particularly via crosstalk with DC.  

Microbial antigens (e.g. LPS), provide critical innate signals for DC maturation via TLRs. 

However, maturation of DC by microbial stimuli alone leads to an “exhausted” DC 

phenotype, resulting in DC refractory to further stimulation and unable to continue 

producing IL-12 upon subsequent encounter with naive T-cells in the lymph nodes, thereby 

impacting on the T cell polarizing process (Langenkamp et al,. 2000).  Immature myeloid DCs 

express only low levels of MHC class II, but express high levels of CD1c. As Vδ1+ γδ T-cells are 

known to recognize CD1c+DC in the absence of specific foreign antigen recognition, 

secreting TNF-α and other products further supporting DC maturation and production of IL-

12 (Ismaili et al., 2002). The role of CD1, particularly in this T-cell/DC crosstalk, may be 

particularly important in the dysregulated immune responses of IBD, particularly as previous 

studies from our laboratory have demonstrated an increased proportion of CD1c+ DC in the 

lamina propria in IBD (Rachel Rigby, APRG, unpublished data). 

 

Antigen-activated V2+ T-cells also demonstrate professional antigen-presenting features 

themselves, efficiently taking up and processing soluble proteins, presenting them via MHC 

class II or cross-presenting with MHC class I resulting in the induction of proliferation, target 

cell killing and cytokine production responses by  antigen-experienced and naïve CD8+ αβ T-

cells (Brandes et al.,2005, 2009).   

 

Finally, there is also evidence that γδ T-cells have regulatory properties similar to those of 

regulatory T-cells.   In a manner comparable but superior to that of TR, human peripheral γδ 

T-cells suppressed responder cell proliferation upon stimulation of the standard αβTCR with 

antiCD3/CD28, whilst themselves being unresponsive (poorly proliferative, suggesting CD28 
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is not important for γδ T-cells activation). In contrast to TR, γδ T-cells (particularly the V1δ 

subset) were stronger producers of TGF-, a cytokine blocking activation of lymphocytes, 

whilst inducing apoptosis in numerous cell types (Kuehl et al.,2009).  A role for γδ T-cells in 

immune tolerance has been demonstrated in a murine model of GVHD.  In which epidermal 

resistance to GVHD required the presence of γδ T-cells.  

 

1.3.4 γδ T-cells in Epidermal Healing and Disease  

Human γδ T-cells have also been shown to produce growth factors that are important in 

wound healing, such as keratinocyte growth factor (KGF), insulin-like growth factor 1 (IGF-1) 

and connective tissue growth factor (CTGF).  This suggests γδ T-cells may be important 

maintenance of epithelial integrity and epithelial healing by promoting proliferation of 

epithelial cells (Boismenu & Havran, 1994; Hayday & Tigelaar, 2003; Workalemahu, Foerster 

et al., 2004; Jameson & Havran, 2007; Toulon et al,.2009).  Furthermore, some γδ T-cells can 

produce, in addition to granuolsin, other antimicrobial peptides such as cathelicidin 

providing a role for γδ T-cells in local epithelial defence (Agerberth et al.,2000; Kabelitz et 

al.,2005). 

 

Taken together, in addition to the homeostatic regulation of epithelial tissues, γδ T-cells 

appear to play a pivotal role in the modification of inflammatory responses induced in many 

organs containing epithelia 

 

1.4 Homing Molecules:  Trafficking of leukocytes to specific peripheral tissues  

Leukocyte chemoattractant receptors and their interaction with corresponding adhesion 

receptors and chemokines are important in determining the systemic trafficking of immune 

cells to specific tissues and a localised microenviromental position, allowing 

compartmentalisation of specialized immune responses (Table 1.2) (Kunkel & Butcher, 2002;  

Sigmundsdottir & Butcher, 2008).  Naïve T-cells are not prominent in the peripheral non-

lymphoid tissues but acquire tropism for these tissues following antigen-dependent 

activation in secondary lymphoid organs. This process involves de novo expression of 

adhesion molecules and receptors to inflammatory chemokines which preferentially targets 

activated lymphocytes to sites of inflammation. However, other adhesion molecules and 

chemokine receptors play an important role in localisation of these effector T-cells to a 



48 

 

specific tissue, expression of which is the basis of the phenomenon of tissue-selective 

homing of T-lymphocytes (Johansson-Lindbom & Agace, 2007).  For example, a specific 

combination of receptors target a select population of lymphocytes to the gut-associated 

lymphoid tissues (GALT). These trafficking programmes are imprinted upon naïve 

lymphocytes at the point of activation both by tissue-specific DC and other 

microenviromental factors (Sigmundsdottir and Butcher, 2008; Johansson-Lindbom and 

Agace, 2007). 

 
Cell Surface Receptor  Receptor  Tissue tropism 

47    MADCAM1  Gut 
CLA    E-selection  Skin 
CCR4    CCL17   Skin 
CCR7    CCL19 /21  Lymph node 
CCR9    CCL25   Small bowel 
CCR10    CCL27/28  Skin 
 
Table 1.2 Receptors involved in the migration of peripheral memory T-cells.  CCL-chemokine ligand, CCR-

chemokine receptor; CLA-cutaneous lymphocyte-associated antigen; MADCAM1-mucosal vascular addressin 

cell adhesion molecule. 

 

Tissue leucocyte recruitment is an active and multistep process occurring largely in post-

capillary venules, where the effect of circulatory haemodynamic shearing is minimal, 

regulated by the coordinated interaction between cell surface molecules on T-cells with 

their respective ligands on the surface of vascular endothelial cells.  In inflammation, 

macrophages in the inflamed tissue release cytokines such as IL-1, TNFα and other 

chemokines, up-regulating expression of cellular adhesion molecules, such as selectins, by 

vascular endothelial cells near the site of inflammation.  Circulating leukocytes localise to 

this endothelium in response to these chemokines with subsequent leucocyte extravasation 

classically involving “tethering” of the leucocyte to the specific vascular endothelium 

(mediated primarily by selectins and 4 integrins).  This is followed by “rolling” of the 

leucocyte along the endothelial surface, such as vascular adhesion cell molecule-1 (VCAM-

1)(Butcher 2005, Eksteen et al.,2008). 
 

 

The mechanisms involved in the homing of leucocytes to the skin and small intestine have 

been well characterised and recently reviewed; however, because of the specific relevance 



49 

 

to our discussion of the influence DC and vitamin D on these tissue-specific trafficking 

programs, these are summarised below.  

 

1.4.1 Tissue Specific Homing Molecules: Gut Homing  

Small intestine homing T-cells re-circulate to the gut using a combination of interactions 

between 47 integrin and the adhesion molecules mucosal addressin cell adhesion 

molecule-1 (MAdCAM-1), LFA-1 and ICAM-1 as well as the receptor-chemokine combination 

CCR9-CCL25 (Johansson-Lindbom & Agace, 2007). 

 

Naïve T-cells constitutively express low levels of 47 whilst in contrast, effector T-cells with 

homing capacity to the intestine express high levels of 47.  Furthermore, MAdCAM-1 the 

ligand for 47,  is preferentially and constitutively expressed by post capillary high 

endothelial venules, Peyers patches and MLN (Butcher et al.,1999); in both the small 

intestinal  (Berlin et al.,1995; Berlin et al.,1993) and colonic lamina propria.  (Streeter et 

al.,1988). During intestinal inflammation, 47 integrin-dependent and -independent 

pathways contribute to lymphocytes recruitment to the intestinal tissues and disease 

pathogenesis.  The clinical relevance of 47 has been demonstrated by neutralisation of 

47 or MAdCAM-1 by monoclonal antibodies which reduce inflammation in experimental 

animal models of colitis (Kato et al.,2000; Farkas et al.,2006; Goto et al.,2006; Podolsky et 

al., 1993; Hesterberg et al.,1996) or ileitis (Matsuzaki et al.,2005)  

 

In contrast, chemokine receptor CCR9 is attracted to its ligand CCL-25 (TECK) and plays an 

important role in the selective recruitment of effector T-cells only to the small intestine 

(Zabel et al.,1999).  In this regard, it contrasts with 47 /MAdCAM-1 that facilitates 

recruitment of effector T-cells into both the small and large intestine (Svensson et al.,2002).  

CCR9 is expressed by a subset of 47 T-cells in human peripheral blood, by the majority of 

human and murine small intestinal T-cells, and on a minority of colonic T-cells (Kunkel et al., 

2000), but not on antigen-experienced (memory) T-cells isolated from a range of other 

inflamed and non-inflamed tissues.  In keeping with this selective homing to the small 

intestine, CCL25 is constitutively expressed by epithelial cells in the small intestine, but not 

in the colon (Kunkel et al.,2000; Papadakis et al.,2000). IELs express CCR9 and are attracted 

by epithelial CCL25 to the intraepithelial compartment, an interaction which induces E 
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integrins (CD103) expression to bind to E-cadherin positioning CD8 lymphocytes in the 

intraepithelial compartment of the small bowel (Ericsson et al.,2004; Cepek et al.,1994).  

The mechanisms driving the constitutive and selective expression of CCL25 in the small 

intestine are currently unclear.  The E7 integrin also facilitates retention of effector and 

memory lymphocytes in the gut epithelial layer via interactions with E-cadherin (Gorfu et 

al.,2009). 

 

CCR9 is involved in establishment of the small intestinal CD8 IEL compartment, 

particularly in the generation of TCR IELs (Wurbel et al.,2001). Lymphocytes from CCR9-/- 

animals are severely disadvantaged in their ability to enter the gut with a large reduction in 

small intestinal but not colonic TCR IELs (Johansen et al.,2005; Stenstad et al.,2006).  

However, CCR9 expression is not an absolute requirement for lymphocyte homing to the 

small bowel.  In comparison, mice deficient in 7 integrins have severely deranged Peyer’s 

patches and reduced numbers of lamina propria and intraepithelial B and T-lymphocytes 

(Wagner et al.,1996; Uehara et al.,2002).  The administration of neutralizing anti-CCL25 

antibody to young mice, during the development of the CD8 IEL compartment, leads to a 

reduction in the number of both CD8 and CD8TCR and TCR small intestinal IELs as 

CCR9 is expressed by the majority of these cells (Marsal et al.,2002).  Thus, CCR9 is required 

for optimal effector CD4 T-cell entry into the small intestinal LP. 

 

1.4.2 Tissue Specific Homing Molecules: Skin Homing Memory T-cells specific for 

cutaneous antigens re-circulate selectively through the skin in a process directed by the 

interaction of cutaneous lymphocyte-associated antigen (CLA) with vascular E-selectin and 

other adhesion molecules. Skin-homing T-cells also express CCR4 and/or CCR10, which 

interact with the dermal-associated chemokine ligands, CCL17 and CCL27/CTACK 

respectively (Campbell et al.,1999; Reisset al., 2001; Kupper & Fuhlbrigge, 2004).  CCR10 can 

participate in homing of cutaneous memory T-cells from the blood into the dermis but is not 

required for recruitment, which can be mediated by CCR4 (Reiss et al.,2001; Campbell et 

al.,1999), or potentially, CCR8 (Schaerli et al.,2004).   Instead, CCR10 is thought to be 

particularly important in targeting T-cells from the dermis toward and into the epidermis, as 

it mediates attraction to CCL27, which is selectively secreted by keratinocytes (Homey et al 

2000). However, confusingly, CCL27/CTACK is also highly expressed by colonic epithelial 
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cells.  Although CCR10 has never been identified on intestinal T-cells, it has been identified 

on Ig-A secreting B-cells migrating to the colonic lamina propria expression of which can be 

stimulated by gut DC (Kunkel et al., 2003, Hieshima et al.,2004; Mora et al.,2006). 

Therefore, the molecules that control the immune post-code system would not have a role 

only in targeting the tissue of migration, but in controlling the type of cell that migrates 

there as monocytes, B and T-cells use differential homing markers (Mora 2008, Luster et 

al;2005).  Recent evidences suggest that CCR10 may be a “general” mucosal homing 

receptor (Mora & von Andrian, 2009) which might be more related with retaining T-cells in 

the skin after they have reached it, instead of governing their migration (Mora 2008). 

 

1.4.3 The Role of DC in Lymphocyte Homing 

Murine and sheep models of lymphocyte homing species and recirculation suggested that 

the basal homing profile of naive lymphocytes are reprogrammed in lymphoid tissues during 

antigen activation, subsequently directing effector and memory cells to particular extra-

lymphoid tissues (Butcher 1986; Young et al.,1993). These studies also suggested that it was 

the local lymphoid environment itself (rather than the nature of the stimulating antigen) 

which determined the homing properties induced (Butcher et al.,2002) later confirmed this 

hypothesis by demonstrating specific reprogramming of the homing characteristics of 

mouse transgenic naive T-cells, with a monospecific-TCR, by different lymphoid tissues.  

Mesenteric lymphoid node tissue (MLN) upregulated intestinal homing properties (47 

and CCR9), whereas activation within skin-draining (non-mucosal) lymph nodes upregulated 

selectin ligands associated with peripheral (non-mucosal) tissue trafficking (Campbell & 

Butcher, 2002).  Thus, during an immune response, local microenvironments within skin 

draining and intestinal secondary lymphoid organs differentially direct T-cell expression of 

adhesion and chemoattractant receptors, targeting their effector and memory cell progeny 

to the inflamed skin or the intestinal lamina propria.  DC and environmental cues such as the 

vitamin A and D are important local factors involved in this process. 

 

Tissue-specific DC have a critical dual role in the imprinting of tissue trophism in effector T-

cell subsets, in addition to their key role in regulating tolerogenic and immunogenic 

responses.  The imprinting homing marker expression on activated T-cells appears 
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dependent on the origin of the DC stimulating the naïve T-cell. DCs also respond to local 

environmental signals and show regional and functional specialization themselves. 

 

DC not only activate and imprint antigen specificity by presenting antigen to lymphocytes, 

but they also direct lymphocytes to the site where the antigen is most likely to be 

encountered by imprinting tissue specificity. Several groups have shown that DC imprint the 

expression of homing molecules on T-cells that they activate. (Johansson-Lindbom et 

al.,2003; Mora et al.,2003; Stagg et al.,2002). In the intestine, lymphocytes primed in MLN 

draining intestinal sites have the propensity to home back to the intestine.  Work from our 

laboratory has demonstrated that in mice DC from MLN, but not from peripheral lymph 

nodes or splenic tissues, induce  4β7 on T-cells, thus targeting T-cells back to intestinal 

tissue in vivo (Stagg et al.,2002).  Other investigators have shown that murine intestinal DC 

from Peyer’s patches, MLN and the lamina propria induce 47 and CCR9 expression on T-

cells (Johansson-Lindbom et al.,2003,2005).  Functional homing has also been demonstrated 

in T-cells activated by DCs from Peyer’s patches which migrated along a gradient of 

chemokine CCL25, implying these T-cells expressed the gut homing CCR9 receptor (Mora et 

al.,2003).  In contrast, T-cells activated by DC from skin-draining nodes express ligands for 

skin homing molecules, P- and E-selectins and lack expression of gut homing markers. (Mora 

et al.,2003) 

 

In mice, the ability to generate CCR9+ 47 + gut homing T-cells appears to be confined to a 

functionally distinct subset of MLN and LP-DC that express CD103 which make up about 40 

percent of DC in the MLN (Johansson-Lindbom et al.,2005; Johansson-Lindbom & Agace 

2007).  CD103 (E) is the α chain of the integrin β7; it is expressed on the majority of human 

and mouse intestinal lymphocytes and CD103 mediates adhesion of lymphocytes to 

intestinal epithelial cells via interactions with E-cadherin (Cepek et al.,1994).  DC derived 

from these sites have an enhanced ability to generate gut trophic effector T-cells than MLN 

DC, implying that DC themselves already have the ability to imprint gut homing T-cells 

before entering the MLN where activation and imprinting gut trophic T-cells is thought to 

actually take place. In contrast, the remaining CD103- MLN DC are incapable of generating 

gut trophic T-cells (Jaensson et al.,2008). 
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The implication that gut DC themselves are primed to imprint specific gut T-cell homing 

whilst still in their peripheral tissue of origin, before migration to local lymphoid tissues, 

suggests that other tissue-specific microenvironment factors may be responsible.  Indeed, in 

addition to the local cytokine milieu and interaction with other immune cells, such as 

epithelial cells, evolution has cleverly adapted external cues from dietary-derived factors 

(vitamin A) and sunlight (ultraviolet-induced vitamin D3) to imprint lymphocyte homing to 

the small intestines and T-cell migration into the epidermis. DC are capable of processing 

these vitamins to active metabolites (retinoic acid and 1,25(OH2)D3) for presentation with 

antigen to lymphocytes, thereby helping to export environmental cues through lymphatics 

to draining lymph nodes, to program the trafficking and effector functions of particularly 

naïve T-cells. 

1.4.5 Conditioning of DC by Microenvironmental Factors 

Ongoing as yet unpublished work in our laboratory has demonstrated that conditioning of 

DC from peripheral blood by supernatants (SN) derived from overnight culture of healthy 

colonic biopsies promoted a tolerogenic gut-DC phenotype (CD103+) including down-

regulation of co-stimulatory markers (CD40 and CD83) and TLRs (TLR 2 and 4).  Moreover, 

SN-conditioned DC were less effective in stimulating proliferation of allogeneic T-cells, 

which subsequently expressed an increased gut/skin homing profile (CCR9, 47).  In 

contrast, a skin homing was also induced by supernatant derived from skin samples.  This 

supernatant is likely to contain secretions from enterocyte (epithelial cells) though it may 

also contain interstitial fluid leached out during culture.  Vitamin A within the supernatant 

was demonstrated to be essential but not sufficient in this process (Bernardo et al.,2010). 

 

 

 

 

 

 

 

 

 



54 

 

1.5 References 

Akira S, Takeda K, Kaisho T. Toll-like receptors: critical proteins linking innate and acquired immunity. Nat 
Immunol 2001;2:675-80.  

Akira S, Uematsu S, Takeuchi O. Pathogen recognition and innate immunity. Cell 2006;124:783-801. 

Akira S. Pathogen recognition by innate immunity and its signalling. Proc Jpn Acad Ser B Phys Biol Sci 
2009;85:143-56. 

Akira S. TLR signalling. Curr Top Microbiol Immunol 2006;311:1-16.  

Aliberti J, Reis e Sousa, Schito M, Hieny S, Wells T, Huffnagle GB, Sher A (2000) CCR5 provides a signal for 
microbial induced production of IL-12 by CD8 alpha+ dendritic cells. Nat Immunol 1:83-87 

Ardavin C (2003) Origin, precursors and differentiation of mouse dendritic cells. Nat Rev Immunol 3:582-590 

Ardavin C, Martinez DH, Martin P, et al. Origin and differentiation of dendritic cells. Trends Immunol 
2001;22:691–700.  

Asselin-Paturel C, Brizard G, Pin JJ, Briere F, Trinchieri G (2003) Mouse strain differences in plasmacytoid 
dendritic cell frequency and function revealed by a novel monoclonal antibody. J Immunol 171:6466-6477 

Asselin-Paturel C, Boonstra A, Dalod M, Durand I, Yessaad N, zutter-Dambuyant C, Vicari A, O'Garra A, Biron C, 
Briere F, Trinchieri G (2001) Mouse type I IFN-producing cells are immature APCs with plasmacytoid 
morphology. Nat Immunol 2:1144-1150 

Awasthi A, Kuchroo VK (2009) Th17 cells: from precursors to players in inflammation and infection. Int 
Immunol. 2009 May;21(5):489-98 

Banchereau J, Briere F, Caux C, Davoust J, Lebecque S, Liu YJ, Pulendran B, Palucka K (2000) Immunobiology of 
dendritic cells. Annu Rev Immunol 18:767-811. 

Banchereau J, Steinman RM (1998) Dendritic cells and the control of immunity. Nature 392:245-252 

Banchereau, Francine Briere, Christophe Caux, Jean Davoust, Serge Lebecque, Yong-Jun Liu, Bali Pulendran and 
Karolina Palucka.  Immunobiology of Dendritic Cells. Annu. Rev. Immunol. 2000. 18:767–811. 

Bauer M, Redecke V, Ellwart JW, Scherer B, Kremer JP, Wagner H, Lipford GB (2001) Bacterial CpG-DNA 
triggers activation and maturation of human CD11c-, CD123+ dendritic cells. J Immunol 166:5000-5007 

Bell SJ, Rigby R, English N et al. Migration and maturation of human colonic dendritic cells. J Immunol 
2001;166:4958-67 

Berlin C, et al. Alpha 4 beta 7 integrin mediates lymphocyte binding to the mucosal vascular addressin 
MAdCAM-1. Cell 1993;74:185–195 

Berlin C, et al. alpha 4 integrins mediate lymphocyte attachment and rolling under physiologic flow. Cell 
1995;80:413–422.  

Bernardo D, Mann ER, Al Hassi HO, Murugananthan AU, Milestone AN, Knight SC. Generation of human gut-
like dendritic cells with homeostatic and gut-homing properties is dependent on colonic soluble factors. 
Abstract DDW New Orleans May 2010. 

Bettelli E, Korn T, Oukka M, Kuchroo VK (2008) Induction and effector functions of T(H)17 cells. Nature 
453:1051-1057 



55 

 

Bilsborough J, George TC, Norment A, Viney JL (2003) Mucosal CD8alpha+ DC, with a plasmacytoid phenotype, 
induce differentiation and support function of T-cells with regulatory properties. Immunology 108:481-492 

Birbeck, Breathnach AS, Everall JD (1961) An electron microscopic study of basal melanocyte and high level 
clear cell (Langerhans cell) in vitiligo. J.Invest.Dermatol; 37: 51-63 

Butcher EC, Williams M, Youngman K, Rott L, Briskin M. Lymphocyte trafficking and regional immunity. Adv 
Immunol 1999;72:209-53. 

Butcher, E.C. The multistep model of leukocyte trafficking: a personal perspective from 15 years later. in 
Leukocyte Trafficking: Molecular Mechanisms, Therapeutic Targets, and Methods (eds. Hamann, A. & 
Engelhardt, B.) 3–13 (Wiley-VCH, Weinheim, Germany, 2005). 

Butcher, E.C. The regulation of lymphocyte traffic. Curr. Top. Microbiol. Immunol. 128, 85–122 (1986) 

Campbell DJ, Butcher EC. Intestinal attraction: CCL25 functions in effector lymphocyte recruitment to the small 
intestine. J Clin Invest. 2002;110:1079 –1081.  

Campbell, D.J. & Butcher, E.C. Rapid acquisition of tissue-specific homing phenotypes by CD4+ T-cells activated 
in cutaneous or mucosal lymphoid tissues. J. Exp. Med. 195, 135–141 (2002). 

Campbell, J. J. et al. The chemokine receptor CCR4 in vascular recognition by cutaneous but not intestinal 
memory T-cells. Nature 400, 776–780 (1999).   

Canning MO, Grotenhuis K, de Wit H, Ruwhof C and Drexhage HA. 1-a,25-Dihydroxyvitamin D3 (1,25(OH)2D3) 
hampers the maturation of fully active immature dendritic cells from monocytesEuropean Journal of 
Endocrinology (2001) 145 351-357 

Cario E, Rosenberg IM, Brandwein SL, Beck PL, Reinecker HC, Podolsky DK. Lipopolysaccharide activates 
distinct signaling pathways in intestinal epithelial cell lines expressing Toll-like receptors. J Immunol 
2000;164:966-72 

Caux C, Ait-Yahia S, Chemin K, de Bouteiller O, Dieu-Nosjean MC, Homey B, Massacrier C, Vanbervliet B, Zlotnik 
A, Vicari A. Dendritic cell biology and regulation of dendritic cell trafficking by chemokines. Springer Semin 
Immunopathol. 2000;22(4):345-69    

Caux C, Massacrier C, Vanbervliet B, Dubois B, de Saint-Vis B, zutter-Dambuyant C, Jacquet C, Schmitt D, 
Banchereau J (1997) CD34+ hematopoietic progenitors from human cord blood differentiate along two 
independent dendritic cell pathways in response to GM-CSF+TNF alpha. Adv Exp Med Biol 417:21-25 

Cella M, Facchetti F, Lanzavecchia A, Colonna M (2000) Plasmacytoid dendritic cells activated by influenza virus 
and CD40L drive a potent TH1 polarization. Nat Immunol 1:305-310 

Cepek KL, Shaw SK, Parker CM et al. Adhesion between epithelial cells and T lymphocytes mediated by E-
cadherin and the alpha E beta 7 integrin. Nature 1994;372:190-193.   

Cepek KL, Shaw SK, Parker CM, et al. Adhesion between epithelial cells and T-lymphocytes mediated by E-
cadherin and the alpha(e)beta(7) integrin. Nature. 1994;372:190 –193. 

Chang CC, Ciubotariu R, Manavalan JS, Yuan J, Colovai AI, Piazza F, Lederman S, Colonna M, Cortesini R, Dalla-
Favera R & Suciu-Foca N Tolerization of dendritic cells by TS cells: the crucial role of inhibitory receptors ILT3 
and ILT4. Nature Immunology  3, 237 - 243 (2002) 

Chehade M,  Mayer L. Oral tolerance and its relation to food hypersensitivities. J Allergy Clin Immunol. 2005 
Jan;115(1):3-12).   

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Caux%20C%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Ait-Yahia%20S%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Chemin%20K%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22de%20Bouteiller%20O%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Dieu-Nosjean%20MC%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Homey%20B%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Massacrier%20C%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Vanbervliet%20B%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Zlotnik%20A%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Zlotnik%20A%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Vicari%20A%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus


56 

 

Collan Y. Characteristics of nonepithelial cells in the epithelium of normal rat ileum. Scand J Gastroenterol 
Suppl 1972;18:1-66 

Colonna M, Trinchieri G, Liu YJ (2004a) Plasmacytoid dendritic cells in immunity. Nat Immunol 5:1219-1226 

Cook DN, Prosser DM, Forster R et al. CCR6 mediates dendritic cell localization, lymphocyte homeostasis, and 
immune responses in mucosal tissue. Immunity 2000;12:495-503.Vanbervliet B,  

Cook DN, Prosser DM, Forster R, Zhang J, Kuklin NA, Abbondanzo SJ, Niu XD, Chen SC, Manfra DJ, Wiekowski 
MT, Sullivan LM, Smith SR, Greenberg HB, Narula SK, Lipp M, Lira SA (2000) CCR6 mediates dendritic cell 
localization, lymphocyte homeostasis, and immune responses in mucosal tissue. Immunity 12:495-503 

Coombes JL, Siddiqui KR, rancibia-Carcamo CV et al. A functionally specialized population of mucosal CD103+ 
DCs induces Foxp3+ regulatory T-cells via a TGF-beta and retinoic acid-dependent mechanism. J Exp Med 
2007;204:1757-64. 

Córbi AL, Lopéz-Rodríguez C. CD11c integrin gene promoter activity during myeloid differentiation.Leuk 
Lymphoma. 1997 May;25(5-6):415-25 

Delbridge LM, O'Riordan MX. Innate recognition of intracellular bacteria. Curr Opin Immunol 2007;19:10-16. 

Denning TL, Wang YC, Patel SR, Williams IR, Pulendran B. Lamina propria macrophages and dendritic cells 
differentially induce regulatory and interleukin 17-producing T-cell responses. Nat Immunol 2007;8:1086-94. 

Dieu MC, Vanbervliet B, Vicari A et al. Selective recruitment of immature and mature dendritic cells by distinct 
chemokines expressed in different anatomic sites. J Exp Med 1998;188:373-86.  

Dudziak D, Kamphorst AO, Heidkamp GF, Buchholz VR, Trumpfheller C, Yamazaki S, Cheong C, Liu K, Lee HW, 
Park CG, Steinman RM, Nussenzweig MC (2007) Differential antigen processing by dendritic cell subsets in vivo. 
Science 315:107-11315:107-11.  

Eberl G. Inducible lymphoid tissues in the adult gut: recapitulation of a fetaldevelopmental pathway? Nature 
Reviews Immunology 2005: 5, 413-420 

Eksteen B, Liaskou E, and Adams DH. Lymphocyte Homing and Its Role in the Pathogenesis of IBD Inflamm 
Bowel Dis 2008;14:1298 –131 

Ericsson A, Svensson M, Arya A, et al. CCL25/CCR9 promotes the induction and function of CD103 on intestinal 
intraepithelial lymphocytes. Eur J Immunol. 2004;34:2720 –2729.  

Eur J Immunol. 2002 Dec;32(12):3488-97. Marsal J, Svensson M, Ericsson A, Iranpour AH, Carramolino L, 
Márquez G, Agace WW Involvement of CCL25 (TECK) in the generation of the murine small-intestinal CD8alpha 
alpha+CD3+ intraepithelial lymphocyte compartment.   

Farkas S, Hornung M, Sattler C et al. Blocking MAdCAM-1 in vivo reduces leukocyte extravasation and reverses 
chronic inflammation in experimental colitis. Int J Colorectal Dis 2006;21:71-78. 

Forster R, Schubel A, Breitfeld D et al. CCR7 coordinates the primary immune response by establishing 
functional microenvironments in secondary lymphoid organs. Cell 1999;99:23-33.   

Fritz JH, Ferrero RL, Philpott DJ, Girardin SE. Nod-like proteins in immunity, inflammation and disease. Nat 
Immunol 2006;7:1250-1257. 

Fritz JH, Girardin SE. How Toll-like receptors and Nod-like receptors contribute to innate immunity in 
mammals. J Endotoxin Res 2005;11:390-394.  



57 

 

Garrett WS, Chen LM, Kroschewski R, Ebersold M, Turley S, Trombetta S, Galan JE, Mellman I (2000) 
Developmental control of endocytosis in dendritic cells by Cdc42. Cell 102:325-334 

Garside P, Millington O, Smith KM. Anatomy of mucosal immune responses. Ann NY Acad Sci. 2004;1029:9–15.  

Gerosa F, Baldani-Guerra B, Nisii C, Marchesini V, Carra G, Trinchieri G (2002) Reciprocal activating interaction 
between natural killer cells and dendritic cells. J Exp Med 195:327-333 

Gor DO, Rose NR, Greenspan NS (2003) TH1-TH2: a procrustean paradigm. Nat Immunol 4:503-505 

Gorfu G, Rivera-Nieves J, Ley K.Role of beta7 integrins in intestinal lymphocyte homing and retention. Curr Mol 
Med. 2009 Sep;9(7):836-50. 

Goto A, Arimura Y, Shinomura Y, Imai K, Hinoda Y. Antisense therapy of MAdCAM-1 for trinitrobenzenesulfonic 
acid-induced murine colitis. Inflamm Bowel Dis 2006;12:758-65. 

Greenfield EA, Nguyen KA, Kuchroo VK. D28/B7 costimulation: a review. Crit Rev Immunol. 1998;18(5):389-
418. 

Greenwald RJ, Freeman GJ, Sharpe AH.The B7 family revisited. Annu Rev Immunol. 2005;23:515-48.  

Grewal IS, Flavell RA.The role of CD40 ligand in costimulation and T-cell activation. Immunol Rev. 1996 
Oct;153:85-106.   

Grohmann U, Belladonna ML, Bianchi R, Orabona C, Ayroldi E, Fioretti MC, Puccetti P (1998) IL-12 acts directly 
on DC to promote nuclear localization of NF-kappaB and primes DC for IL-12 production. Immunity 9:315-323 

Guy-Grand D, Vassalli P. Gut intraepithelial lymphocyte development. Curr Opin Immunol. 2002;14:255–259. 
50. 

Hart AL, Al Hassi HO, Rigby RJ et al. Characteristics of intestinal dendritic cells in inflammatory bowel diseases. 
Gastroenterology 2005;129:50-65.    

Hase K, Murakami T, Takatsu H et al. The membrane-bound chemokine CXCL16 expressed on follicle-
associated epithelium and M cells mediates lympho-epithelial interaction in GALT. J Immunol 2006;176:43-51. 

Haas W, Pereira P, Tonegawa S. Gamma/delta cells. Annu Rev Immunol. 1993;11:637–685. 

Hawiger D, Inaba K, Dorsett Y, Guo M, Mahnke K, Rivera M, Ravetch JV, Steinman RM, Nussenzweig MC (2001) 
Dendritic cells induce peripheral T-cell unresponsiveness under steady state conditions in vivo. J Exp Med 
194:769-779 

Hemmi H, Kaisho T, Takeuchi O, et al. (2002). "Small anti-viral compounds activate immune cells via the TLR7 
MyD88-dependent signaling pathway". Nat. Immunol. 3 (2): 196–200.  

Hesterberg PE, Winsor-Hines D, Briskin MJ et al. Rapid resolution of chronic colitis in the cotton-top tamarin 
with an antibody to a gut-homing integrin alpha 4 beta 7. Gastroenterology 1996;111:1373-80. 

Hieshima K, Kawasaki Y, Hanamoto H, Nakayama T, Nagakubo D, Kanamaru A, Yoshie O.CC chemokine ligands 
25 and 28 play essential roles in intestinal extravasation of IgA antibody-secreting cells. J Immunol. 2004 Sep 
15;173(6):3668-75. 

Hisamatsu T, Suzuki M, Reinecker HC, Nadeau WJ, McCormick BA, Podolsky DK. CARD15/NOD2 functions as an 
antibacterial factor in human intestinal epithelial cells. Gastroenterology 2003;124:993-1000 

Homey B, Durand I et al. Sequential involvement of CCR2 and CCR6 ligands for immature dendritic cell 
recruitment: possible role at inflamed epithelial surfaces. Eur J Immunol 2002;32:231-42. 

http://www.ncbi.nlm.nih.gov/pubmed/15356112
http://www.ncbi.nlm.nih.gov/pubmed/15356112


58 

 

Homey, B. et al. Cutting edge: the orphan chemokine receptor G protein-coupled receptor-2 (GPR-2, CCR10) 
binds the skin-associated chemokine CCL27 (CTACK/ ALP/ILC). J. Immunol. 164, 3465–3470 (2000).  

Hopkins S A; Kraehenbuhl J P Dendritic cells of the murine Peyer's patches colocalize with Salmonella 
typhimurium avirulent mutants in the subepithelial dome. Advances in experimental medicine and 
biology 1997;417():105-9  

Hopkins S A; Niedergang F; Corthesy-Theulaz I E; Kraehenbuhl J P A recombinant Salmonella typhimurium 
vaccine strain is taken up and survives within murine Peyer's patch dendritic cells. Cellular 
microbiology 2000;2(1):59-68 

Hori S, Nomura T, Sakaguchi S (2003) Control of regulatory T-cell development by the transcription factor 
Foxp3. Science 299:1057-1061 

Huang FP, Platt N, Wykes M, et al. A discrete subpopulation of dendritic cells transports apoptotic intestinal 
epithelial cells to T-cell areas of mesenteric lymph nodes. J Exp Med 2000;191:435–44 

Hugot JP, Chamaillard M, Zouali H et al. Association of NOD2 leucine-rich repeat variants with susceptibility to 
Crohn's disease. Nature 2001;411:599-603.  

Iliev ID, Spadoni I, Mileti E et al. Human intestinal epithelial cells promote the differentiation of tolerogenic 
dendritic cells. Gut 2009. 

Inaba K, Inaba M, Romani N, Aya H, Deguchi M, Ikehara S, Muramatsu S, Steinman RM (1992) Generation of 
large numbers of dendritic cells from mouse bone marrow cultures supplemented with 
granulocyte/macrophage colony-stimulating factor. J Exp Med 176:1693-1702 

Inflammatory Bowel Diseases Volume 14, Issue 2, pages 275–289, February 2008 

Inohara N, Ogura Y, Chen FF, Muto A, Nunez G. Human Nod1 confers responsiveness to bacterial 
lipopolysaccharides. J Biol Chem 2001;276:2551-54 

Ito T, Inaba M, Inaba K, Toki J, Sogo S, Iguchi T, Adachi Y, Yamaguchi K, Amakawa R, Valladeau J, Saeland S, 
Fukuhara S, Ikehara S (1999) A CD1a+/CD11c+ subset of human blood dendritic cells is a direct precursor of 
Langerhans cells. J Immunol 163:1409-1419 

Iwasaki A, Kelsall BL (2001) Unique functions of CD11b+, CD8 alpha+, and double-negative Peyer's patch 
dendritic cells. J Immunol 166:4884-4890 

Iwasaki A, Kelsall BL. Freshly isolated Peyer's patch, but not spleen, dendritic cells produce interleukin 10 and 
induce the differentiation of T helper type 2 cells. J Exp Med 1999;190:229-39. 

Iwasaki A, Kelsall BL. Localization of distinct Peyer's patch dendritic cell subsets and their recruitment by 
chemokines macrophage inflammatory protein (MIP)-3alpha, MIP-3beta, and secondary lymphoid organ 
chemokine. J Exp Med 2000;191:1381-94  

Iwasaki A, Kelsall BL. Localization of distinct Peyer's patch dendritic cell subsets and their recruitment by 
chemokines macrophage inflammatory protein (MIP)-3alpha, MIP-3beta, and secondary lymphoid organ 
chemokine. J Exp Med 2000;191:1381-94. 

Iwasaki A, Medzhitov R (2004) Toll-like receptor control of the adaptive immune responses. Nat Immunol 
5:987-995 

Jaensson E, Uronen-Hansson H, Pabst O et al. Small intestinal CD103+ dendritic cells display unique functional 
properties that are conserved between mice and humans. J Exp Med 2008;205:2139-49 

http://www.biomedexperts.com/Abstract.bme/9286345/Dendritic_cells_of_the_murine_Peyer_s_patches_colocalize_with_Salmonella_typhimurium_avirulent_mutants_in_the_subepithel
http://www.biomedexperts.com/Abstract.bme/9286345/Dendritic_cells_of_the_murine_Peyer_s_patches_colocalize_with_Salmonella_typhimurium_avirulent_mutants_in_the_subepithel
http://www.biomedexperts.com/Abstract.bme/11207563/A_recombinant_Salmonella_typhimurium_vaccine_strain_is_taken_up_and_survives_within_murine_Peyer_s_patch_dendritic_cells
http://www.biomedexperts.com/Abstract.bme/11207563/A_recombinant_Salmonella_typhimurium_vaccine_strain_is_taken_up_and_survives_within_murine_Peyer_s_patch_dendritic_cells
http://onlinelibrary.wiley.com/doi/10.1002/ibd.v14:2/issuetoc


59 

 

Jang MH, Kweon MN, Iwatani K et al. Intestinal villous M cells: an antigen entry site in the mucosal epithelium. 
Proc Natl Acad Sci U S A 2004: Kraehenbuhl JP, Neutra MR (2000) Epithelial M cells: differentiation and 
function. Annu Rev Cell Dev Biol 16:301-332 

Jang MH, Sougawa N, Tanaka T et al. CCR7 is critically important for migration of dendritic cells in intestinal 
lamina propria to mesenteric lymph nodes. J Immunol 2006;176:803-10.  

Johansen FE, Baekkevold ES, Carlsen HS, et al. Regional induction of adhesion molecules and chemokine 
receptors explains disparate homingof human B-cells to systemic and mucosal effector sites: dispersion from 
tonsils. Blood. 2005;106:593– 600. 

Johansson-Lindbom B, Agace WW. Generation of gut-homing T cells and their localization to the small 
intestinal mucosa. Immunol Rev 2007;215:226-42 

Johansson-Lindbom B, Svensson M, Pabst O et al. Functional specialization of gut CD103+ dendritic cells in the 
regulation of tissue-selective T-cell homing. J Exp Med 2005;202:1063-73  

Johansson-Lindbom B, Svensson M, Pabst O et al. Functional specialization of gut CD103+ dendritic cells in the 
regulation of tissue-selective T cell homing. J Exp Med 2005;202:1063-73  

Johansson-Lindbom B, Svensson M, Wurbel MA, Malissen B, Marquez G, Agace W. Selective generation of gut 
tropic T-cells in gut-associated lymphoid tissue (GALT): requirement for GALT dendritic cells and adjuvant. J 
Exp Med 2003;198:963-69 

Johansson-Lindbom B, Svensson M, Wurbel MA, Malissen B, Marquez G, Agace W. Selective generation of gut 
tropic T cells in gut-associated lymphoid tissue (GALT): requirement for GALT dendritic cells and adjuvant. J Exp 
Med 2003;198:963-69 

Johansson-Lindbom, B. & Agace, W.W. Generation of gut-homing T-cells and their localization to the small 
intestinal mucosa. Immunol. Rev. 215, 226–242 (2007). 

Jones, A., Hart, A. L., and Rigby, R. Dendritic cell differ between the small intestine and colon: expression of the 
chemokine receptor CCR7 suggests that small intestine DC traffic constitutively, colonic DC only in 
inflammation. Gastroenterology , 124. 2003. 

Jotwani R, Moonga BS, Gupta S, Cutler CW. Nuclear factor-kappaB p50 subunits in chronic periodontitis and 
Porphyromonas gingivalis lipopolysaccharide-pulsed dendritic cells. Ann N Y Acad Sci. 2010 Mar;1192:278-85. 

Karlsson M, Lundin S, Dahlgren U, et al. ‘‘Tolerosomes’’ are produced by intestinal epithelial cells. Eur J 
Immunol 2001;31:2892–900.  

Kato S, Hokari R, Matsuzaki K et al. Amelioration of murine experimental colitis by inhibition of mucosal 
addressin cell adhesion molecule-1. J Pharmacol Exp Ther 2000;295:183-89. 

Katz SI, Tamaki K, Sachs DH (1979) Epidermal Langerhans cells are derived from cells originating in bone 
marrow. Nature 282:324-326 

Kelsall BL, Strober W. Distinct populations of dendritic cells are present in the subepithelial dome and T-cell 
regions of the murine Peyer’s Patch. J Exp Med 1996;183:237–47 Jang MH,  

Khoo US, Chan KY, Chan VS, Lin CL (August 2008). "DC-SIGN and L-SIGN: the SIGNs for infection". J. Mol. Med. 
86 (8): 861–74.   

Kocgozlu L, Elkaim R, Tenenbaum H, Werner S. Variable cell responses to P. gingivalis lipopolysaccharide. J 
Dent Res. 2009 Aug;88(8):741-5. 



60 

 

Krug A, Rothenfusser S, Hornung V, Jahrsdorfer B, Blackwell S, Ballas ZK, Endres S, Krieg AM, Hartmann G 
(2001a) Identification of CpG oligonucleotide sequences with high induction of IFN-alpha/beta in plasmacytoid 
dendritic cells. Eur J Immunol 31:2154-2163 

Krug A, Towarowski A, Britsch S, Rothenfusser S, Hornung V, Bals R, Giese T, Engelmann H, Endres S, Krieg AM, 
Hartmann G (2001b) Toll-like receptor expression reveals CpG DNA as a unique microbial stimulus for 
plasmacytoid dendritic cells which synergizes with CD40 ligand to induce high amounts of IL-12. Eur J Immunol 
31:3026-3037 

Kuchroo VK, Das MP, Brown JA, Ranger AM, Zamvil SS, Sobel RA, Weiner HL, Nabavi N, Glimcher LH. B7-1 and 
B7-2 costimulatory molecules activate differentially the Th1/Th2 developmental pathways: application to 
autoimmune disease therapy. Cell. 1995 Mar 10;80(5):707-18.      

Kunkel EJ, Butcher EC. Chemokines and the tissue-specific migration of lymphocytes. Immunity 2002;16:1-4.   

Kunkel EJ, Campbell DJ, Butcher EC. Chemokines in lymphocyte trafficking and intestinal immunity. 
Microcirculation. 2003;10:313– 323. Maric I, Holt PG, Perdue MH, Bienenstock J (1996) Class II MHC antigen 
(Ia)-bearing dendritic cells in the epithelium of the rat intestine. J Immunol 156:1408-1414 

Kunkel EJ, Campbell JJ, Haraldsen G, et al. Lymphocyte CC chemokine receptor 9 and epithelial thymus-
expressed chemokine (TECK) expression distinguish the small intestinal immune compartment: Epithelial 
expression of tissue-specific chemokines as an organizing principle in regional immunity. J Exp Med. 
2000;192:761–768.    

Kunkel EJ, Campbell JJ, Haraldsen G, et al. Lymphocyte CC chemokine receptor 9 and epithelial thymus-
expressed chemokine (TECK) expression distinguish the small intestinal immune compartment: Epithelial 
expression of tissue-specific chemokines as an organizing principle in regional immunity. J Exp Med. 
2000;192:761–768.   

Kunkel EJ, Campbell JJ, Haraldsen G, et al. Lymphocyte CC chemokine receptor 9 and epithelial thymus-
expressed chemokine (TECK) expression distinguish the small intestinal immune compartment: Epithelial 
expression of tissue-specific chemokines as an organizing principle in regional immunity. J Exp Med. 
2000;192:761–768.   

Kunkel EJ, Kim CH, Lazarus NH, Vierra MA, Soler D, Bowman EP, Butcher E. CCCR10 expression is a common 
feature of circulating and mucosal epithelial tissue IgA Ab-secreting cells. J Clin Invest. 2003 Apr;111(7):1001-
10. 

Kupper, T.S. & Fuhlbrigge, R.C. Immune surveillance in the skin: mechanisms and clinical consequences. Nat. 
Rev. Immunol. 4, 211–222 (2004). 

Kweon MN, Iwatani K et al. Intestinal villous M cells: an antigen entry site in the mucosal epithelium. Proc Natl 
Acad Sci U S A 2004;101:6110-6115.  

Langerhans P. Über die Nerven der menschlichen Haut. Virchows Arch Pathol Anat Physiol Klin 
Med1868;44:325.. 

Langrish CL, Chen Y, Blumenschein WM, Mattson J, Basham B, Sedgwick JD, McClanahan T, Kastelein RA, Cua 
DJ (2005) IL-23 drives a pathogenic T-cell population that induces autoimmune inflammation. J Exp Med 
201:233-240 

Lechmann M, Zinser E, Golka A, Steinkasserer A Role of CD83 in the immunomodulation of dendritic cells. Int 
Arch Allergy Immunol. 2002 Oct;129(2):113-8.      

Lefrancois L, Barrett TA, Havran WL, et al. Developmental expression of the alpha IEL beta 7 integrin on T-cell 
receptor gamma delta and T-cell receptor alpha beta T-cells. Eur J Immunol. 1994;24:635– 640. 



61 

 

Lenschow DJ, Walunas TL, Bluestone JA. CD28/B7 system of T-cell costimulation. Annu Rev Immunol. 
1996;14:233-58. 

Liu LM, Macpherson GG. Lymph-borne (veiled) dendritic cells can acquire and present intestinally administered 
antigens. Immunology 1991;73:281–6.   

Liu YJ. IPC: professional type 1 interferon-producing cells and plasmacytoid dendritic cell precursors. Annu Rev 
Immunol 2005;23:275-306,   

Liu Z, Tugulea S, Cortesini R, Suciu-Foca N. Specific suppression of T helper alloreactivity by allo-MHC class I-
restricted CD8_CD28- T-cells. Int Immunol 1998;10:775. 

Luster AD, Alon R, von Andrian UH. Immune cell migration in inflammation: present and future therapeutic 
targets.Nat Immunol. 2005 Dec;6(12):1182-90. Review. 

Lutz MB, Schuler G (2002) Immature, semi-mature and fully mature dendritic cells: which signals induce 
tolerance or immunity? Trends Immunol 23:445-449 

Macatonia SE, Hosken NA, Litton M, Vieira P, Hsieh CS, Culpepper JA, Wysocka M, Trinchieri G, Murphy KM, 
O'Garra A (1995) Dendritic cells produce IL-12 and direct the development of Th1 cells from naive CD4+ T-cells. 
J Immunol 154:5071-5079 

MacDonald TT, Monteleone G. Immunity, inflammation, and allergy in the gut. Science. 2005;307:1920 –1925.  

Manavalan JS, Rossi PC, Vlad G, Piazza F, Yarilina A, Cortesini R, Mancini D, Suciu-Foca N. High expression of 
ILT3 and ILT4 is a general feature of tolerogenic dendritic cells. Transpl Immunol. 2003 Jul-Sep;11(3-4):245-58.    

Mariathasan S, Monack DM. Inflammasome adaptors and sensors: intracellular regulators of infection and 
inflammation. Nat Rev Immunol 2007;7:31-40. 

Maric I, Holt PG, Perdue MH, Bienenstock J. Class II MHC antigen (Ia)-bearing dendritic cells in the epithelium 
of the rat intestine. J Immunol 1996;156:1408-14.et al., 1996)  

Marsal J, Svensson M, Ericsson A, Iranpour AH, Carramolino L, Márquez G, Agace WW Involvement of CCL25 
(TECK) in the generation of the murine small-intestinal CD8alpha alpha+CD3+ intraepithelial lymphocyte 
compartment.  Eur J Immunol. 2002 Dec;32(12):3488-97. 

Martin P, Del Hoyo GM, Anjuere F, Arias CF, Vargas HH, Fernandez L, Parrillas V, Ardavin C (2002) 
Characterization of a new subpopulation of mouse CD8alpha+ B220+ dendritic cells endowed with type 1 
interferon production capacity and tolerogenic potential 

Matsuzaki K, Tsuzuki Y, Matsunaga H et al. In vivo demonstration of T lymphocyte migration and amelioration 
of ileitis in intestinal mucosa of SAMP1/Yit mice by the inhibition of MAdCAM-1. Clin Exp Immunol 
2005;140:22-31. 

Monteleone I, Platt AM, Jaensson E, Agace WW, Mowat AM. IL-10-dependent partial refractoriness to Toll-like 
receptor stimulation modulates gut mucosal dendritic cell function. Eur J Immunol 2008;38:1533-47 

Mora et JR, Iwata M, Eksteen B, Song SY, Junt T, Senman B, Otipoby KL, Yokota A, Takeuchi H, Ricciardi-
Castagnoli P, Rajewsky K, Adams DH, von Andrian UH. Generation of gut-homing IgA-secreting B cells by 
intestinal dendritic cells. Science. 2006 Nov 17;314(5802):1157-60. 

Mora JR, Bono MR, Manjunath N, Weninger W, Cavanagh LL, Rosemblatt M, von Andrian UH (2003) Selective 
imprinting of gut-homing T-cells by Peyer's patch dendritic cells. Nature 424:88-93 

Mora JR, Bono MR, Manjunath N, Weninger W, Cavanagh LL, Rosemblatt M, von Andrian UH. Selective 
imprinting of gut-homing T-cells by Peyer's patch dendritic cells. Nature. 2003;424(6944):88-93.    

http://www.ncbi.nlm.nih.gov/pubmed/16369557
http://www.ncbi.nlm.nih.gov/pubmed/16369557
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Rossi%20PC%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Vlad%20G%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Piazza%20F%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Yarilina%20A%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Cortesini%20R%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Mancini%20D%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Suciu-Foca%20N%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/pubmed/17110582
http://www.ncbi.nlm.nih.gov/pubmed/17110582


62 

 

Mora JR, von Andrian UH.Role of retinoic acid in the imprinting of gut-homing IgA-secreting cells. Semin 
Immunol. 2009 Feb;21(1):28-35. Epub 2008 Sep 18. Review., which might be more related with retaining T-
cells in the skin after they have reached it, instead of governing their migration Mora, Inflamm Bowe Dis 2008.  

Mora JR. Homing imprinting and immunomodulation in the gut: Role of dendritic cells and retinoids 

Morelli AE. The immune regulatory effect of apoptotic cells and exosomes on dendritic cells: its impact on 
transplantation. Am J Transplant 2006;6:254-61. 

Mosmann TR, Cherwinski H, Bond MW, Giedlin MA, Coffman RL (1986) Two types of murine helper T-cell 
clone. I. Definition according to profiles of lymphokine activities and secreted proteins. J Immunol 136:2348-
2357 

Munz C, Steinman RM, Fujii S (2005) Dendritic cell maturation by innate lymphocytes: coordinated stimulation 
of innate and adaptive immunity. J Exp Med 202:203-207 

Nagler-Anderson C (2001) Man the barrier! Strategic defences in the intestinal mucosa. Nat Rev Immunol 1:59-
67 

Nakano H, Yanagita M, Gunn MD (2001) CD11c(+)B220(+)Gr-1(Gérard Eberl Inducible lymphoid tissues in the 
adult gut: recapitulation of a fetaldevelopmental pathway? Nature Reviews Immunology 2005: 5, 413-420+) 
cells in mouse lymph nodes and spleen display characteristics of plasmacytoid dendritic cells. J Exp Med 
194:1171-1178 

Nakao, Y., Funami, K., Kikkawa, S., Taniguchi, M., Nishiguchi, M., Fukumori, Y., Seya, T., Matsumoto, 
M. Surface-expressed TLR6 participates in the recognition of diacylated lipopeptide and peptidoglycan in 
human cells.  J. Immunol. (2005)  

Neish AS. Microbes in Gastrointestinal Health and Disease. Gastroenterology 2008 

Niess JH, Brand S, Gu X et al. CX3CR1-mediated dendritic cell access to the intestinal lumen and bacterial 
clearance. Science 2005;307:254-58 

Niess JH, Reinecker HC (2005) Lamina propria dendritic cells in the physiology and pathology of the 
gastrointestinal tract. Curr Opin Gastroenterol 21:687-691 

Ogura Y, Bonen DK, Inohara N et al. A frameshift mutation in NOD2 associated with susceptibility to Crohn's 
disease. Nature 2001;411:603-6. 

O'Keeffe M, Hochrein H, Vremec D, Caminschi I, Miller JL, Anders EM, Wu L, Lahoud MH, Henri S, Scott B, 
Hertzog P, Tatarczuch L, Shortman K (2002) Mouse plasmacytoid cells: long-lived cells, heterogeneous in 
surface phenotype and function, that differentiate into CD8(+) dendritic cells only after microbial stimulus. J 
Exp Med 196:1307-1319 

Oppmann B, Lesley R, Blom B, Timans JC, Xu Y, Hunte B, Vega F, Yu N, Wang J, Singh K, Zonin F, Vaisberg E, 
Churakova T, Liu M, Gorman D, Wagner J, Zurawski S, Liu Y, Abrams JS, Moore KW, Rennick D, de Waal-Malefyt 
R, Hannum C, Bazan JF, Kastelein RA (2000) Novel p19 protein engages IL-12p40 to form a cytokine, IL-23, with 
biological activities similar as well as distinct from IL-12. Immunity 13:715-725 

Papadakis KA, Prehn J, Nelson V, et al. The role of thymus-expressed chemokine and its receptor CCR9 on 
lymphocytes in the regional specialization of the mucosal immune system. J Immunol. 2000;165: 5069–5076 

Penna g, Roncari a, Amuchastegui S, Daniel KC, Berti E, Colonna M and Adorini L. Expression of the inhibitory 
receptor ILT3 on dendritic cells is dispensable for induction of CD4 +Foxp3+ regulatory T-cells by 1,25-
dihydroxyvitamin D 3. Blood. 2005; 106:3490-349   

http://www.ncbi.nlm.nih.gov/pubmed/18804386


63 

 

Pflanz S, Timans JC, Cheung J, Rosales R, Kanzler H, Gilbert J, Hibbert L, Churakova T, Travis M, Vaisberg E, 
Blumenschein WM, Mattson JD, Wagner JL, To W, Zurawski S, McClanahan TK, Gorman DM, Bazan JF, de Waal 
MR, Rennick D, Kastelein RA (2002) 

Podolsky DK (2002) Inflammatory bowel disease. N Engl J Med 347: 417–429    

Podolsky DK, Lobb R, King N et al. Attenuation of colitis in the cotton-top tamarin by anti-alpha 4 integrin 
monoclonal antibody. J Clin Invest 1993;92:372-80. 

Pugh CW, Macpherson GG, Steer HW (1983) Characterization of nonlymphoid cells derived from rat peripheral 
lymph. J Exp Med 157:1758-1779 

Reiss, Y., Proudfoot, A. E., Power, C. A., Campbell, J. J. & Butcher, E. C. CC chemokine receptor (CCR)4 and the 
CCR10 ligand cutaneous T-cell-attracting chemokine (CTACK) in lymphocyte trafficking to inflamed skin. J. Exp. 
Med. 194, 1541–1547 (2001).  

Reiss, Y., Proudfoot, A.E., Power, C.A., Campbell, J.J. & Butcher, E.C. CC chemokine receptor (CCR)4 and the 
CCR10 ligand cutaneous T-cell-attracting chemokine (CTACK) in lymphocyte trafficking to inflamed skin. J. Exp. 
Med. 194, 1541–1547 (2001). 

Reschner A, Hubert P, Delvenne P, Boniver J, Jacobs N (2008) Innate lymphocyte and dendritic cell cross-talk: a 
key factor in the regulation of the immune response. Clin Exp Immunol 152:219-226 

Rescigno M, Rotta G, Valzasina B, Ricciardi-Castagnoli P. Dendritic cells shuttle microbes across gut epithelial 
monolayers. Immunobiology 2001;204:572-81. 

Rescigno M, Urbano M, Valzasina B et al. Dendritic cells express tight junction proteins and penetrate gut 
epithelial monolayers to sample bacteria. Nat Immunol 2001;2:361-67. 

Rissoan M-C, Soumelis V, Kadowaki N, et al. Reciprocal control of T helper cell and dendritic cell differentiation. 
Science 1999;283:1183–6 

Sakaguchi S, Yamaguchi T, Nomura T, Ono M. Regulatory T-cells and immune tolerance. Cell 2008;133:775-87. 

Sallusto F, Lanzavecchia A (1994) Efficient presentation of soluble antigen by cultured human dendritic cells is 
maintained by granulocyte/macrophage colony-stimulating factor plus interleukin 4 and downregulated by 
tumor necrosis factor alpha. J Exp Med 179:1109-1118 

Sallusto F, Palermo B, Lenig D et al. Distinct patterns and kinetics of chemokine production regulate dendritic 
cell function. Eur J Immunol 1999;29:1617-25.  

Sallusto F, Schaerli P, Loetscher P, Schaniel C, Lenig D, Mackay CR, Qin S, Lanzavecchia A (1998) Rapid and 
coordinated switch in chemokine receptor expression during dendritic cell maturation. Eur J Immunol 28:2760-
2769 

Salmi, M. & Jalkanen, S. Lymphocyte homing to the gut: attraction, adhesion, and commitment. Immunol. Rev. 
206, 100–113 (2005). 

Sansonetti PJ.  War and peace at mucosal surfaces Nature Reviews Immunology 2004:4, 953-964 

Schaerli, P. et al. A Skin-selective homing mechanism for human immune surveillance T-cells. J. Exp. Med. 199, 
1265–1275 (2004). 

Schon, M.P., Zollner, T.M. & Boehncke, W.H. The molecular basis of lymphocyte recruitment to the skin: clues 
for pathogenesis and selective therapies of inflammatory disorders. J. Invest. Dermatol. 121, 951–962 (2003) 

Schwartz RH. Natural regulatory T-cells and self-tolerance. Nature Immunology  6, 327 - 330 (2005) 



64 

 

Segura E, Wong J and Villadangos JA.  Cutting Edge: B220
+
CCR9

–
 Dendritic Cells Are Not Plasmacytoid Dendritic 

Cells but Are Precursors of Conventional Dendritic Cells.  The Journal of Immunology, 2009, 183, 1514 -1517 

Shoji Uehara, Alexander Grinberg, Joshua M. Farber
 
and Paul E. Love. A Role for CCR9 in T Lymphocyte 

Development and Migration
1
 The Journal of Immunology, 2002, 168: 2811-2819 

Shortman K, Liu YJ (2002) Mouse and human dendritic cell subtypes. Nat Rev Immunol 2:151-161 

Siegal FP, Kadowaki N, Shodell M, et al. The nature of the principal type 1 interferon-producing cells in human 
blood. Science 1999;284:1835–7.   

Sigmundsdottir H, Butcher EC (2008). Environmental cues, dendritic cells and the programming of tissue-
selective lymphocyte trafficking. Nat Immunol 2008; 9(9):981-987. 

Smits HH, van Beelen AJ, Hessle C, Westland R, de JE, Soeteman E, Wold A, Wierenga EA, Kapsenberg ML 
(2004) Commensal Gram-negative bacteria prime human dendritic cells for enhanced IL-23 and IL-27 
expression and enhanced Th1 development. Eur J Immunol 34:1371-1380 

Stagg A J, Hart A L, Knight S C and Kamm M A The dendritic cell: its role in intestinal inflammation and 
relationship with gut bacteria. Gut 2003;52;1522-1529 

Stagg AJ, Kamm MA, Knight SC. Intestinal dendritic cells increase T-cell expression of alpha4beta7 integrin. Eur 
J Immunol 2002;32:1445-54 

Steinman RM, Banchereau J (2007) Taking dendritic cells into medicine. Nature 449:419-426 

Steinman RM, Cohn ZA (1973) Identification of a novel cell type in peripheral lymphoid organs of mice. I. 
Morphology, quantitation, tissue distribution. J Exp Med 137:1142-116 

Steinman RM, Gutchinov B, Witmer MD, Nussenzweig MC (1983) Dendritic cells are the principal stimulators of 
the primary mixed leukocyte reaction in mice. J Exp Med 157:613-627 

Steinman RM, Hawiger D, Nussenzweig MC (2003) Tolerogenic dendritic cells. Annu Rev Immunol 21:685-711 

Steinman RM, Nussenzweig MC (2002) Avoiding horror autotoxicus: the importance of dendritic cells in 
peripheral T-cell tolerance. Proc Natl Acad Sci U S A 99:351-358 

Steinman RM, Turley S, Mellman I, Inaba K (2000) The induction of tolerance by dendritic cells that have 
captured apoptotic cells. J Exp Med 191:411-416 

Stenstad H, Ericsson A, Johansson-Lindbom B, et al. Gut associated lymphoid tissue primed CD4+T-cells display 
CCR9 dependent and independent homing to the small intestine. Blood. 2006 

Stolen, C.M. et al. Absence of the endothelial oxidase AOC3 leads to abnormal leukocyte traffic in vivo. 
Immunity 22, 105–115 (2005)   

Streeter PR, Berg EL, Rouse BT, Bargatze RF, Butcher EC. A tissue-specific endothelial cell molecule involved in 
lymphocyte homing. Nature 1988;331:41–46. 

Strunk D, Egger C, Leitner G, Hanau D, Stingl G (1997) A skin homing molecule defines the langerhans cell 
progenitor in human peripheral blood. J Exp Med 185:1131-1136 

Suciu-Foca N, Cortesini R.Central role of ILT3 in the T suppressor cell cascade. Cell Immunol. 2007 
Jul;248(1):59-67.   

Sun CM, Hall JA, Blank RB et al. Small intestine lamina propria dendritic cells promote de novo generation of 
Foxp3 T reg cells via retinoic acid. J Exp Med 2007;204:1775-85. 



65 

 

Suzuki R, Nakao A, Kanamaru Y, et al. Localization of intestinal intraepithelial T lymphocytes involves regulation 
of alphaEbeta7 expressionby transforming growth factor-beta. Int Immunol. 2002;14: 339–345 

Svensson M, Marsal J, Ericsson A et al. CCL25 mediates the localization of recently activated CD8alphabeta(+) 
lymphocytes to the small-intestinal mucosa. J Clin Invest 2002;110:1113-21. 

Tonegawa, S., Berns, A., Bonneville, M., Farr, A., Ishida, I., Ito, K., Itohara, S., Janeway, C. A., Jr., Kanagawa, O., 
Katsuki, M., and . (1989). Diversity, development, ligands, and probable functions of gamma delta T cells. Cold 
Spring Harb.Symp.Quant.Biol. 54 Pt 1, 31-44 

Triantafilou M, Triantafilou K. Lipopolysaccharide recognition: CD14, TLRs and the LPS-activation cluster. 
Trends Immunol. 2002 Jun;23(6):301-4    

Tyndall AD, Knight SC, Edwards AJ et al.Veiled (Dendritic) Cells in Synovial Fluid. Lancet (1983)  (8322): 472-473 

Van Gool SW, Vandenberghe P, de Boer M, Ceuppens JL. CD80, CD86 and CD40 provide accessory signals in a 
multiple-step T-cell activation model. Immunol Rev. 1996 Oct;153:47-83. 

van Niel G, Raposo G, Candalh C, et al. Intestinal epithelial cells secrete exosome-like vesicles. 
Gastroenterology 2001;121:337–49.    

Van Voorhis WC, Hair LS, Steinman RM, Kaplan G (1982) Human dendritic cells. Enrichment and 
characterization from peripheral blood. J Exp Med 155:1172-1187 

Vanbervliet B, Homey B, Durand I, Massacrier C, it-Yahia S, de BO, Vicari A, Caux C (2002) Sequential 
involvement of CCR2 and CCR6 ligands for immature dendritic cell recruitment: possible role at inflamed 
epithelial surfaces. Eur J Immunol 32:231-242 

Vincent MS, Leslie DS, Gumperz JE, Xiong X, Grant EP, Brenner MB (2002) CD1-dependent dendritic cell 
instruction. Nat Immunol 3:1163-1168 

Wagner N, Lohler J, Kunkel EJ, et al. Critical role for beta7 integrins in formation of the gut-associated 
lymphoid tissue. Nature. 1996;382: 366–370.  

Wendland M, Czeloth N, Mach N, Malissen B, Kremmer K, Pabst Oand Förster R.  CCR9 is a homing receptor for 
plasmacytoid dendritic cells to the small intestine  PNAS April 10, 2007 vol. 104 no. 15 6347-6352 

Weir DM and Stewart J. Acquired Immunity in Immunology 7th Edition (1993). 

Wurbel MA, Malissen M, Guy-Grand D, et al. Mice lacking the CCR9 CC-chemokine receptor show a mild 
impairment of early T- and B-cell development and a reduction in T-cell receptor gammadelta gut 
intraepithelial lymphocytes. Blood. 2001;98:2626 –2632.   

Young, A.J., Hay, J.B. & Mackay, C.R. Lymphocyte recirculation and life span in vivo. Curr. Top. Microbiol. 
Immunol. 184, 161–173 (1993).  

Zabel BA, Agace WW, Campbell JJ et al. Human G protein-coupled receptor GPR-9-6/CC chemokine receptor 9 
is selectively expressed on intestinal homing T lymphocytes, mucosal lymphocytes, and thymocytes and is 
required for thymus-expressed chemokine-mediated chemotaxis. J Exp Med 1999;190:1241-56. 

Zheng Y, Rudensky AY. Foxp3 in control of the regulatory T-cell lineage. Nat Immunol 2007;8:457-62. 

Zou T, Caton AJ, Koretzky GA, Kambayashi T. Dendritic cells induce regulatory T-cell proliferation through 
antigen-dependent and -independent interactions. J Immunol. 2010 Sep 1;185(5):2790-9. Epub 2010 Aug 4. 

 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Triantafilou%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Triantafilou%20K%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.pnas.org/search?author1=Meike+Wendland&sortspec=date&submit=Submit
http://www.pnas.org/search?author1=Meike+Wendland&sortspec=date&submit=Submit
http://www.pnas.org/search?author1=Niklas+Czeloth&sortspec=date&submit=Submit
http://www.pnas.org/content/104/15/6347.full#aff-1#aff-1
http://www.pnas.org/search?author1=Nicolas+Mach&sortspec=date&submit=Submit
http://www.pnas.org/search?author1=Bernard+Malissen&sortspec=date&submit=Submit
http://www.pnas.org/search?author1=Elisabeth+Kremmer&sortspec=date&submit=Submit
http://www.pnas.org/search?author1=Oliver+Pabst&sortspec=date&submit=Submit
http://www.pnas.org/search?author1=Reinhold+F%C3%B6rster&sortspec=date&submit=Submit


66 

 

Chapter 2 
 
 

Dysregulated Immune Response in 
Inflammatory Bowel Disease 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 



67 

 

Chapter 2 

Dysregulated Immune Response in Inflammatory Bowel Disease (IBD) 

 

2.1.  Introduction 

Crohn’s Disease (CD) and Ulcerative Colitis (UC) are chronic relapsing inflammatory diseases 

of the gastrointestinal tract. The pathogenesis of IBD is complex and incompletely 

understood.  However, IBD is thought to involve an inappropriate immune response that 

occurs, in genetically susceptible individuals, as a result of an interaction between 

environmental factors, microbial flora and the immune system.  In CD there is a 

dysregulated intestinal mucosal T-cell mediated immune response, particularly involving 

excessive CD4+ T helper type-1 (TH1) lymphocyte activity, leading to production of TH1-

associated pro-inflammatory cytokines, such as interferon- (IFN-) and tumour necrosis 

factor- (TNF-) (Podolsky 2002).  Furthermore, a breakdown of oral tolerance, the lack of 

immunological response to dietary antigens and the commensal microflora, is believed to be 

a major factor in the pathogenesis of inflammatory bowel disease (IBD) (Chehade et 

al.,2005).  Dendritic cells (DC) are likely to be of fundamental importance in this process and 

have been implicated in the dysregulated immune responses, hence DC are the main focus 

of this thesis. Alterations in DC phenotype and function in IBD may provide specific targets 

for therapeutic intervention in patients, including an emerging role for vitamin D. 

 

2.2  Role of Dendritic Cells in Inflammatory Bowel Disease 

 

DC phenotype and function are altered in the intestinal mucosa of inflammatory bowel 

disease states.  Animal models of IBD (e.g. IL10-/- knockout mice) have provided evidence 

that interaction between intestinal microbiota and mucosal immune system plays a role in 

the pathogenesis of IBD (Kuhn et al.,1993).  However, unlike mouse models, studies of 

human DC in IBD have been hampered by lack of adequate tissue and inconsistent 

identification of phenotype or function in specific DC populations with the human intestine.  

Nonetheless emerging evidence supports the role of DC in regulation of intestinal immunity 

in humans.  Similar to findings in murine models of colitis, studies of DC in human IBD have 

shown an increasingly likely role for populations of activated DC at sites of intestinal 

inflammation (Bell et al.,2001), suggesting that they contribute to the generation of IBD in 

humans, initiating and/or perpetuating the inflammatory cascade. 
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2.2.1  Altered DC Populations in IBD 

Alterations in circulating DC populations of peripheral blood of IBD patients have been 

reported.  In UC and CD patients, increased numbers of CD40+CD86+ DC in the peripheral 

blood and lamina propria (LP) imply the presence of activated mature DC in blood and 

tissues (Vuckovic et al.,2001); others have demonstrated a lack immature peripheral blood 

P-DC and M-DC in active IBD, suggesting recruitment of these cells to the gut (Baumgart et 

al., 2005). 

In murine models of colitis, DC accumulate throughout the entire LP and MLN tissue (Karlis 

et al.,2004; Leach et al.,1996; Strober et al.,2002).   In humans, several investigators have 

also shown an increase in the number and degree of maturation in DC within inflamed IBD 

tissue (Kaser et al.,2004), whilst others have suggested enhanced recruitment of immature 

DC into inflamed tissue (te Velde et al.,2003).   

 

In CD, there is an increase in CD83+ and DC-SIGN+ LP-DC, which may produce IL-12 during 

intestinal inflammation (te Velde et al.,2003).  Infiltration of CD83+ CCR7- DC have been 

reported in the sub-epithelial dome; these cells internalize translocated E. coli HB101 in the 

Peyer’s patches of ileal CD, and may be important in the onset and perpetuation of mucosal 

inflammation (Salim et al.,2009).  TNF-α producing cells in ileal and colonic LP of CD patients 

are increased compared with controls.  Furthermore, there are abundant numbers of 

Langerin+ immature DC in the sub-epithelial space of intestinal tissue associated with 

enhanced expression of MIP3 (the ligand for CCR6), which might regulate attraction of T-

lymphocytes and DC in IBD (Kaser et al.,2004). 

 

In humans, our laboratory has shown that CD103 is expressed by almost 40 percent of 

colonic CD11c+ LP-DC from healthy donors but only on approximately 20 percent of DC from 

patients with UC.  Loss of CD103+ DC from the colon in UC may be secondary to increased 

migration of CD103+ DC out of the peripheral tissues (Ng et al.,2008).  This speculation has 

been supported by a recent study showing an increase in CD103+ DC in the lymph nodes of 

IBD patients (Varol et al.,2007), where they are likely to be presenting antigen to T-cells. 
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2.2.2  Altered Expression of Co-stimulatory markers and Toll-like Receptors in IBD 

LP-DC from diseased tissue in CD and UC patients show enhanced expression of TLR2 and 

TLR4, which may contribute to altered microbial recognition and could be central to the 

disease process.  In addition, both TLR2 and TLR4 were also detected on circulating 

peripheral blood DCs, raising the possibility that circulating TLR+ DCs are abnormally 

recruited into intestinal tissue under the influence of inflammatory mediators (Hart et 

al.,2005). 

 

Enhanced expression of co-stimulatory molecules may also play a role in promoting 

intestinal inflammation.  Up-regulation of co-stimulatory molecules (CD40, CD80 and CD86) 

together with expansion of colonic LP-DCs occurs in murine models of colitis (Becker et al., 

2003).  This is relevant as in vitro cells from non-intestinal tissues show that stimulation of 

CD40 on DC results in activation and production of TH1 cytokines, including IL-12, IL-6, and 

TNF (Cella et al.,1996). In animal models, interactions between CD40 and its ligand (CD40L) 

promoted development of intestinal inflammation (Cong et al.,2000).  

 

In human IBD, a variable degree of up-regulation of co-stimulatory molecules by mucosal 

DCs has been reported.  One study in UC identified an increased number of CD83+ and 

CD86+ LP cells, most likely DC, which produced macrophage inhibitory factor (MIF).  MIF 

induces the production of IL-1 and IL-8 by both DC and monocytes, promoting neutrophil 

recruitment and activation (Murakami et al.,2002).  In addition, the colonic LP in UC 

contains numerous basal aggregates consisting of lymphocytes and CD80+ dendritiform cells 

likely representing activated DC (Yeung et al.,2000).  Furthermore, DC generated in vitro 

from peripheral blood monocytes show increased immunostimulatory capacity, and 

produce more nitric oxide in patients with UC (Ikeda et al.,2001).  

 

DCs from inflamed colonic mucosal tissue of CD patients also show increased levels of 

activation associated with enhanced expression of both CD40 (Hart et al.,2005) and CD40L 

(Liu et al.,1999).  Expression of CD40 by DCs is increased upon TLR triggering by microbial 

products (e.g. LPS) and by cytokines including TNF, but reduced after 2–3 weeks of 

treatment in CD patients with anti–TNF (Hart et al.,2005).  Nevertheless, levels of CD40 

expressed by DCs from inflamed tissue do not approach the high levels expressed by fully 
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mature DCs, suggesting limited local activation of less mature DC rather than the presence 

of a population of fully mature DCs nucleating inflammation.  These findings are in 

agreement with previous work in our laboratory which examined expression of co-

stimulatory markers of DC maturation (CD80, CD86, and CD83) by colonic DCs and 

concluded there was no evidence of fully mature DCs in the inflamed mucosa of patients 

with IBD (Bell et al.,2001).  In addition, we have also further demonstrated the presence of 

increased populations of immature DC in inflamed colonic LP of both CD and UC patients.  

These DC showed increased expression of DC-SIGN (a marker of immaturity), but decreased 

DC-LAMP (a marker associated with mature DC) (Unpublished data, Dr Hafid Al-Hassi, 

APRG).  These data are in keeping with a reported lack of immature peripheral blood P-DC 

and M-DC in active IBD, suggesting recruitment of these cells to gut tissue (Baumgart et 

al.,2005; te Velde et al.,2003).  

 

DC are crucial for activation and expansion of CD25+ CD4+ TR cells, required to suppress 

functions of effector T-cells in both draining lymph nodes and at sites of inflammation.  

Resident DC may in fact suppress severity of acute DSS colitis with regulation of IL-6 

production contributing to DC-mediated control of intestinal inflammation (Qualls et 

al.,2009).  Indeed, studies using the T-cell transfer model of colitis have shown CD103 

expression on DC (which binds integrin 7) in the MLN and colon was essential for the ability 

of CD4+CD25+ TR cells to protect against the induction of colitis (Annacker et al.,2005), 

presumably due to impaired generation or homing of TR in the gut.  Furthermore, CD25+ 

CD4+ T-cells do proliferate between clusters of CD11c+ DC in the MLN and inflamed colon 

(Krajina et al., 2003). 

 

One of the best characterised animal models involves the transfer of CD45RBhigh CD4+ T-cells 

into lymphocyte deficient mice (severe combined immunodeficiency, SCID).  In 

immunocompromised mice this leads to massive proliferation of the transferred T-cell 

population and a dysregulated TH1 response causing colitis with chronic intestinal lesions 

similar to that seen in human IBD.  This proliferation is dependent on MHC expression and 

appears driven by microbial antigens, as germ-free mice do not experience the same degree 

of expansion or colitis.  In this transfer model, colitis was associated with increased CD11c+ 

DC in MLN, many of which (20-30%) showed an activated phenotype and high levels of 
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activation marker CD134L (OX40L).  CD134L is the ligand for CD134, a non-constitutively 

expressed co-stimulatory molecule, thought to drive ongoing activated T-cell survival and 

proliferation thereby preventing T-cell tolerance (Bansal-Pakalaet al.,2001).  Co-transfer of 

CD45RBlow CD4+ T-cells (containing TR cells) inhibited accumulation of CD134L+ DC suggesting 

that CTLA-4 dependent TR cells may function to prevent DC activation.  Moreover, blocking 

CD134L-CD134 (DC:T-cell) interactions ameliorated colitis, reducing T-cell proliferation and 

numbers of α4β7+ T-cells in MLN (Malmström et al.,2001).      

 

Taken together, these data suggest DC are important in driving T-cell responses during 

intestinal inflammation, probably triggered by bacteria, leading to an increase in 

recruitment of other DC or their precursors from blood into intestinal LP.  In the intestinal 

environment, DC sample intestinal antigen, become activated, migrating to the MLN, where 

they activate naïve T-cells.  In the absence of TR cells, CD134L+ DC drive uncontrolled T-cell 

expansion, which in the presence of IL-12, leads to the differentiation of TH1 cells. 

 

2.2.3  DC-associated cytokines in IBD 

DC in the disease state are associated with increased release of pro-inflammatory cytokines 

likely to contribute to initiation or perpetuation of intestinal inflammation, either as a local 

effector cell population active in innate immunity or by modifying responses of lymphocytes 

activated in an adaptive immune response.  Indeed, LP-DC from inflamed tissue produce 

higher levels of proinflammatory IL-12, IL-23, and IL-27 (Becker et al.,2003; Christ et 

al.,1998).   Our laboratory has used intracellular staining to examine “spontaneous” 

production of cytokines specifically by DCs from the intestinal mucosa.  In cells from healthy 

colonic mucosa, there were no IL-6+ DCs and few, if any, IL-12+ DCs whilst IL-10 producing 

DCs were the major population.  In contrast, DCs producing IL-12 and IL-6 were prominent in 

tissue from active CD patients (Hart et al.,2005). 

 

Enhanced production of IL-12 and IL-6 by DC may contribute to pathogenesis of CD in a 

number of ways.  Cytokines derived from DC may have a direct local effect, regulating 

survival or function of mucosal populations, or may act indirectly by redirecting TH cell 

differentiation. DC-derived cytokine heterodimers IL-12 (p35/p40) and IL-23 (p19/p40) are 

potent forces in the adaptive immune response, tending to polarise a pro-inflammatory 
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effector TH1 and/or TH17 response, hence increased the production of IL-12 described in IBD 

may underlie the predominance of TH1 cells and production of IFN in CD (Fuss et al.,1996; 

Parronchi et al.,1997; Strober et al.,1997).  Modulation of antigen presentation by DCs by 

autocrine IL-12 may also contribute to an increased response to microbial antigen (Bianchi  

et al.,1999).  IFN itself may also be a cofactor for CD40-dependent IL-12 production 

(Snijders et al.,1998).   

 

2.3  Dysregulated Lymphocyte Homing in IBD 

Defects in leukocyte homing, not only an imbalance of regulatory and effector responses, 

are likely to play a relevant role in IBD.  Indeed, there is mounting evidence for dysregulated 

tissue specific homing of lymphocyte populations in human IBD, suggesting a possible target 

for therapeutic intervention (Eksteen et al.,2008). 

CD4+ lymphocytes in particular may be pivotal in IBD on account of their defined ability to 

re-circulate to the gut (Rudolphi et al.,1994).  In line with previous studies (Senju et al.. 

1991), a comparison of peripheral blood in CD, UC and non-IBD mucosal inflammation 

(diverticulitis / infective colitis) with healthy controls showed proportions of overall 

circulating memory T-cells (CD4+CD45RO+) were increased in patients with colonic mucosal 

inflammation (Meenan et al.,1997).  This finding mirrors the chronic nature of mucosal 

inflammatory responses in IBD; hence increased prevalence of these cells in IBD may 

indicate an ongoing process of differentiation from naive to memory phenotypes occurring 

in the mucosa or persistent antigen rechallenge of recirculating cells (Burgio et al.,1995; 

Sparshott and Bell, 1994). 

Expression of α4β7 on all systemic CD4+ cells was consistent in all groups, including healthy 

controls indicating a non-specific nature of this integrin, perhaps suggesting a need for co-

expression of other gut postcode markers in order to commit fully to gut tropism.  

Nevertheless, perhaps unexpectedly, the proportion of circulating gut homing memory T-

cells (CD4+CD45RO+α4β7+) was decreased in both IBD and the inflammatory controls 

(Meenan et al.,1997).  The previously defined increase in memory T-cells of the LP in IBD 

could imply that sequestration of this cell population in the gut could account for this 

observation (Senju et al.,1990).  However, altered expression of α4β7+ on circulating 
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lymphocytes did not seem to represent a specific process to IBD, but rather reflects the 

presence of mucosal inflammation in general.  In contrast, the proportion of circulating 

activated gut homing T cells (CD4+CD25+α4β7+, expressing the IL-2 receptor CD25), were 

significantly increased in IBD; it is probable that activation of these T-cells occurs within the 

mucosa  (Kirman et al.,1995). 

In small and large intestine LP, expression of α4β7 on total CD3+ cells was extensive, 

although α4β7, again perhaps surprisingly, significantly decreased in IBD and inflammatory 

controls, although not correlating with the degree of endoscopic inflammation (Meenan et 

al.,1997).  This would not be expected if circulating α4β7 T-cells were being sequestrated in 

the gut as proposed in IBD.  However, reduced numbers of mucosal CD3+α4β7+ cells in IBD 

may simply result from dilution by non-specific recruitment of lymphocytes in the presence 

of an inflammatory state, or from integrin down regulation upon arrival.  Nevertheless, 

taken together, circulating and mucosal gut homing lymphocyte populations are altered in 

patients with colonic inflammation (Meenan et al.,1997). 

Our laboratory has demonstrated an increased density of 4β7+ cells in inflamed tissue of 

CD and UC patients compared with controls (Hart et al., 2004a; Hart et al., 2004b).  We have 

also demonstrated dysregulated DC imprinting in human IBD by assessing expression of 

tissue-specific homing receptors on T-cells activated in both the presence and absence of 

colonic DC from healthy subjects and UC patients.  Although homing marker expression on 

human T-cells was up-regulated by activation alone in the absence of DC, colonic DC 

induced higher levels of intestinal homing β7 than peripheral blood DC.  Importantly, β7 

expression was greater on T-cells activated by colonic DC from UC patients than on T-cells 

activated by DC from healthy controls (Ng et al., 2009). 

 

In keeping with proposed enhanced gut tropism in IBD, the gut-specific adhesion molecules 

(ligands) for gut homing molecules are increased in CD, offering potential therapeutic 

targets.  For example, expression of MAdCAM-1, the vascular adhesion molecule 

corresponding to β7 integrin, although normally expressed on endothelial venules of 

intestinal LP in healthy mucosa, is enhanced in both inflamed colonic and small intestinal 

tissue from CD and UC patients (Briskin et al.,1997; Souza et al.,1999;  Arihiro et al.,2002).  
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In CD of the small intestine but not the colon, there are increased CCR9+ lymphocytes in the 

peripheral blood.  However, expression of CCR9 by LP lymphocytes is reduced in CD, and the 

expression of its ligand CCL25 is altered in distribution rather than up-regulated (Jaensson et 

al.,2008).  In inflamed small intestine of CD, CCL25 expression was altered, but these 

findings were not detected in normal or inflamed colon of CD patients, in keeping with small 

bowel specificity.  Additionally, in CCR9+ T-cells from small intestine LP in CD have a 

predominant Th1 and Th17 cytokine profile (Jaensson et al.,2008). 

 

In addition to changes in gut specific adhesion molecules, inflammation-induced adhesion 

molecules are also implicated in CD.  A bias toward TH1- and TH17-type immune responses 

and an excess of TNF, IFN, and other cytokines (IL-12, IL-23, and IL-27) results in 

expression of endothelial adhesion molecules and chemokines that attract TH1 effector cells 

(Eksteen et al.,2006;  Huehn et al.,2004).  

 

In order to confirm dysregulated leukocyte homing in IBD, several animal models of IBD 

have been investigated. In experimental models of colitis such as dextran-sulphate (DSS) 

induced intestinal inflammation, upregulation of MAdCAM-1 expression in the intestinal LP 

has been demonstrated (Farkas et al.,2006; Goto et al.,2006; Kato et al.,2000; Matsuzaki et 

al.,2005; Picarella et al.,1997).  Anti-MAdCAM-1 treatment resulted in reduction of 

lymphocyte recruitment to the intestine together with an improvement in intestinal 

inflammation (Hesterberg et al.,1996; Podolsky et al.,1993; Rivera-Nieves et al.,2006).  In the 

cotton top tamarin, a primate which develops spontaneous and chronic intestinal 

inflammation resembling that of UC in humans, treatment with anti-α4 and anti-α4β7 

monoclonal antibodies ameliorates intestinal inflammation and is associated with reduced 

density of mucosal α4β7+ lymphocytes (Rivera-Nieves et al.,2005).  

 

These observational and experimental findings have led to the development of anti-homing 

therapies for IBD.  The therapeutic efficacy of interrupting trafficking of effector lymphocyte 

populations and consequent re-circulation to the intestine has been demonstrated in 

controlled clinical trials.   Natalizumab, a recombinant humanised monoclonal antibody 

against 4 integrin, is effective in inducing and maintaining remission in active CD (Targan et 

al.,2007) and UC (Feagan et al.,2005).  However, caution is required when inhibition of 



75 

 

lymphocyte trafficking is not tissue-specific, but has overlap with other organs.  For 

example, Natalizumab inhibits the shared α4 integrin moiety of both α4β7and α4β1.  

Inhibition of lymphocyte trafficking and impaired immune surveillance was the probable 

cause of the few cases of associated progressive multi-leucocyte encephalopathy due to 

reactivation of latent infections (e.g. JC virus) as a result of concomitant inhibition of 41–

VCAM-1 binding, impairing T-cell migration to the brain.  A second humanised monoclonal 

antibody, MLN-02 (LDP-02), developed selectively against 47, is effective in patients with 

UC but associated risks of more widespread immunosuppression have not been observed 

(Feagan et al.,2005).  More recently, a small molecule highly specific CCR-9 antagonist 

(CCX282-B; Traficet-EN) has also shown efficacy in CD (Schreiber et al., 2008). 

 

2.3.1  Aberrant Leukocyte Homing and Extra-Intestinal Manifestations of IBD 

 

Aberrant homing of immune cells may also account for extra-intestinal manifestations of 

IBD, such as erythema nodosum (skin) and primary sclerosing cholangitis (liver-biliary). 

 

Primary sclerosing cholangitis (PSC), a chronic inflammatory liver disease characterized by 

progressive bile duct destruction, develops as an extra-intestinal complication of IBD 

(Chapman 1991).  Of particular relevance is the observation that liver and bowel 

inflammation are rarely concomitant, to the extent that PSC can develop in UC patients 

whose diseased colons have been previously removed.  This has led to hypotheses that PSC 

could be mediated by long-lived memory T-cells originally activated in the gut, but able to 

migrate to cause extra-intestinal inflammation in the liver even in the absence of active IBD 

(Grant et al.,2002).  Furthermore, MAdCAM-1 (47 adhesion molecule) and CCL25 (CCR9 

chemokine), which were previously thought to be preferentially expressed in the gut, are 

up-regulated on the hepatic endothelium of PSC, contributing to loss of tissue specificity 

and infiltration by CCR9+
47+ T-cells (Eksteen et al.,2004). 

Since the imprinting of α4β7 and CCR9 on CD8+ T-cells by human and murine gut-derived DC 

is dependent in part on retinoic acid, the inability of liver-derived DC to imprint functional 

gut tropism implies that the CCR9+
47+ T-cells infiltrating the liver in PSC were originally 

primed in the gut (Eksteen et al.,2009). 
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Chapter 3 
 
The Immunomodulatory Effects of Vitamin D - The Evidence to Date 
 
Vitamin D is well known for its classical endocrine role in calcium and phosphate 

homeostasis and the maintenance of bone integrity.  However, vitamin D is now widely 

recognised to have far more extensive biological functions, including anti-proliferative and 

immunoregulatory effects (Holick 1994).  Vitamin D may protect against cancer and 

tuberculosis and modulate several autoimmune diseases. 

 

Recent epidemiological and experimental evidence suggests that vitamin D has widespread 

immunomodulatory properties with potential therapeutic applications in IBD.  Current 

therapies for IBD aim to control the immune response using potent immunomodulators e.g. 

corticosteroids, thiopurines or antibodies targeting pro-inflammatory cytokines or their 

receptors, such as anti-TNF- (Infliximab).  Although treatment with such agents can be 

effective, their use is associated with a high incidence of potentially severe and intolerable 

adverse side effects.  In contrast, if proven to be clinically efficacious in IBD, Vitamin D or its 

analogues would be expected to be well-tolerated. 

 

3.1  Classical endocrine role of Vitamin D 

Vitamin D is perhaps a misnomer, as it is not strictly a vitamin.  In fact, it is a secosteroid 

which behaves more like a steroid hormone and can be synthesised endogenously, unlike 

true vitamins which are fully sourced from the diet. 

 

Dietary vitamin D is derived from both plant (vitamin D2 – obtained from the irradiation of 

ergocalciferol in plants) and animal sources (vitamin D3 - cholecalciferol).  Vitamin D is lipid-

soluble and can be absorbed from the intestine in the jejunum and ileum by a non-

saturable, passive diffusion process (Hollander 1976).   However, the majority of vitamin D 

in humans is derived endogenously upon incidental exposure of the skin to ultraviolet (UVB) 

light, leading to photochemical conversion of 7-dehydrocholesterol to Vitamin D3 

(cholecalciferol).  
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Vitamin D3 is a pro-hormone with no intrinsic biological activity. In the classical endocrine 

pathway (Figure 3.1), vitamin D3 subsequently undergoes two sequential hydroxylation 

reactions to create the biologically active metabolite 1,25(OH)2D3 (Calcitriol).  Biologically, 

the intermediate metabolite 25-OHD is largely inactive, but a substantially longer half-life 

makes it the best indicator of an individual’s overall vitamin D status.   

 

1,25(OH)2D3 exerts its homeostatic effects on serum calcium and phosphate levels by 

enhancing intestinal absorption of these orally ingested elements and renal tubular 

reabsorption of calcium.  It also acts to mobilise calcium and phosphate stores from the 

skeleton by stimulating the maturation of osteoclasts.  The most well known disease states 

resulting from chronic vitamin D deficiency are rickets and osteomalacia due to under-

mineralization of bones (Holick 2007).  
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Figure 3.1: Classical endocrine function of vitamin D. Endogenous 7-dehydroxycholesterol is photochemically 

converted to vitamin D3 upon exposure of skin to UVB.  Excess vitamin D3 is photochemically degraded in the 

skin.  Vitamin D can also be acquired from dietary sources.  Vitamin D3 then firstly undergoes hydroxylation by 

hepatic 25-hydroxylase to 25-hydroxyvitamin D3 (25-OHD), the major circulating metabolite. Renal 

hydroxylation by 1α-hydroxylase (1OHase) produces 1α,25-dihydroxyvitamin D3 (1,25(OH)2D3) the active 

metabolite.  Renal production of 1,25(OH)2D3 is tightly regulated by parathyroid hormone (PTH), itself 

influenced by serum calcium and 1,25(OH)2D3 levels via negative feedback mechanisms which are common in 
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the regulation of endocrine systems. 1,25(OH)2D3 acts on the intestine, kidney and bone to regulate calcium 

and phosphate homeostasis. (Holick and Garabedian, 2006; Holick 2007). 

 

1,25(OH)2D3 exerts its biological functions via the vitamin D receptor (VDR), a member of a 

superfamily of nuclear hormone receptors (Haussler et al.,1998). This family includes the 

perioxisome proliferator-activated receptor gamma (PPAR) and glucocorticoid receptor 

(GR), implicated in the therapeutic action of the 5-aminosalicylates and glucocorticosteroids 

respectively. Both these treatments are routinely used in IBD.  Locally produced 1,25(OH)2D3 

can act on immune cells in an autocrine or paracrine manner and upon entering the target 

cell, binds to VDR inducing heterodimerisation with its obligate partner the nuclear retinoid 

X receptor (RXR).  The increased affinity of the VDR/RXR promoter complex for vitamin D 

responsive elements (VDRE) in vitamin D responsive genes (Figure 3.2), leads to either 

increased or decreased gene expression or antagonism of certain transcription factors, such 

as NF and NFAT (Nagpal et al.,2005), required for expression of the TH1 cytokine IL-12 

(D’Ambrosio et al.,1998) and expression of IL-2 which promotes T-cell proliferation (Alroy et 

al.,1995). 

 

Retinoic acid (RA), a true vitamin derived entirely from the diet, acts in a similar manner. RA 

exerts its influence by binding to nuclear receptors of the retinoic acid receptor (RAR) 

family. These form RAR–RXR heterodimers, which interact with retinoic acid response 

elements (RARE) within the promoters of retinoic acid-responsive genes (Blomhoff et 

al.,2006).  It is therefore possible that, given their common RXR nuclear binding partners, 

1,25(OH)2D3 and RA might compete for RXR heterodimerization or antagonize each other’s 

effects (Bastie, J. N. et al. 2004). 
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Figure 3.2: Vitamin D Receptor and Ligand dependent gene transcription by 1,25(OH)2D3 Lipid soluble 

1,25(OH)2D3 from serum, autocrine or paracrine sources enters the target cell and binds to nuclear VDR.  This 

induces a conformational change and promotes heterodimerisation with the retinoid X receptor (RXR).  The 

VDR:RXR has an increased affinity for vitamin D response elements (VDRE).  VDRE is a specific sequence of 

nucleotides in the promoter region of the vitamin D responsive gene.  Binding of VDR:RXR complex to the 

VDRE attracts a complex of co-activator proteins, connecting VDRE with RNA polymerase II.  Gene transcription 

then occurs, producing mRNA transcripts which leave the nucleus for translation into the coded protein in the 

cytoplasm (Haussler et al.,1998).   

 

3.2  Neoclassical role of Vitamin D 

Many tissues and cells in the body, including cells of the immune system not involved in 

calcium homeostasis, express VDR and possess the enzymes necessary to produce 

1,25(OH)2D3 locally. Cells of the immune system, have the capacity to independently 

synthesize 1,25(OH)2D3 from sunlight-derived precursors suggesting the potential for 

immune autocrine / paracrine activity.  Macrophages and dendritic cells (DCs), such as 

monocyte-derived DCs and dermal DCs, express the two sets of enzymes needed to convert 

vitamin D3 into 1,25(OH)2D3.  Activated T cells (and probably also B cells) can only perform 

the final step of converting 25-OHD3 to 1,25(OH)2D3 (Sigmundsdottir et al.,2007 van Etten et 

al.,2005; Fritsche et al.,2003).   As a result 1-25(OH)2D3 may be concentrated locally in 

lymphoid microenvironments, particularly those containing physiologically high 

concentrations of cholecalciferol (e.g. skin), thereby increasing its specific action at a 

paracrine and autocrine level, whilst largely limiting potentially undesirable systemic and 

endocrine effects, such as hypercalcaemia and increased bone resorption (van Etten et 
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al.,2005).  It has not been confirmed whether or not this extra-renal cellular enzyme activity, 

is subject to the exquisite control of the homeostatic feedback mechanisms of the 

endocrine system (Haussler & McCain 1977); however it appears to be inducible in cells by a 

number of different factors, for example the pro-inflammatory cytokine IFN (Monkawa et 

al.,2000; Stoffels et al.,2006).  

 

These findings suggest that vitamin D may have actions beyond simple endocrine functions. 

For example, vitamin D may reduce risk and severity of tuberculosis and influenza (Cannell 

et al.,2006, 2008; Urashima et al.,2010), diabetes mellitus and cardiovascular disease 

(Zittermann et al.,2003).  In addition, exposure to sunlight appears to reduces the incidence 

of colorectal, breast, ovary and prostate cancer (van der Rhee et al., 2006), whilst 

experimental data demonstrates anti-proliferative, anti-differentiation and apoptotic effects 

of vitamin D in malignant cell lines (Nagpal et al., 2005).  Indeed, a 4-year population-based, 

double-blind, randomised placebo-controlled trial of vitamin D and calcium 

supplementation in post-menopausal women suggests substantial reduction in all-cancer 

risk (Lappe et al., 2007).  A large observational study indicated a strong inverse association 

between levels of pre-diagnostic 25-(OH)D concentration and risk of colorectal cancer in 

western European populations (Jenab et al., 2010). Finally, all cause mortality in the general 

population was associated with the lowest quartile of serum 25-OHD levels (<43.8nmol/L) 

(Melamed et al.,2008).  Of course, caution should be taken when interpreting 

epidemiological data of this nature and assigning causality without considering the myriad 

of confounding environmental and population factors. 

 

The main focus of this thesis is the immunomodulatory properties of vitamin D, which may 

have potential therapeutic application in IBD. 
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3.3  Role of Vitamin D in IBD 

 

3.3.1  Epidemiological Evidence  

Ambient solar radiation is lower at northern latitudes and results in decreased cutaneous 

vitamin D synthesis.  Epidemiological data suggests an association between geographical 

location and low vitamin D levels which are linked to several autoimmune and chronic 

inflammatory diseases, including multiple sclerosis (Munger et al.,2006), type 1 diabetes 

(Hypponen et al.,2001), and rheumatoid arthritis (Cutolo et al.,2006).  For example, vitamin 

D status may be inversely associated with disease activity in rheumatoid arthritis (Cutolo et 

al.,2006).  Multiple sclerosis (MS) in particular, has a well-recognised association with 

temperate climates and is for the most part unknown in equatorial regions (Raghuwanshi et 

al., 2008).  There is strong evidence for a protective role of vitamin D in MS, in which 

prevalence negatively correlates with exposure to sunlight and sufficient dietary vitamin D 

intake (Mandavilli 2007).  The severity of MS also fluctuates seasonally, with exacerbations 

occurring more in the spring than in other months (Goodkin et al.,1989;  Wuthrich & 

Rieder,1970;  Bamford et al.,1983).  Evidence of a link between Vitamin D deficiency and 

onset, relapse rates and disability in MS has also been described, an effect postulated to be 

due to its immunomodulatory properties (Molders et al.,2008; Munger et al.,2006).  Indeed, 

vitamin D is required to activate a histocompatibility gene (HLA-DRB1*1501) necessary for 

differentiating between self and foreign proteins in a subgroup of individuals genetically 

predisposed to MS (Handunnetthi et al., 2010). 

 

Temporal and immigration patterns may also affect the incidence of IBD.  Epidemiological 

observations suggest the incidence and prevalence of IBD is higher in northern European 

countries (e.g. UK and Scandinavia) compared with their sunnier southern counterparts (e.g. 

Croatia) (Loftus et al., 2002).  For example, in France, the geographic distribution of MS and 

CD have a similar North-South gradient (Vukusic et al.,2007; Nerich et al.,2006).  Mean 

monthly ground UV levels (kJ/m2) for French geographical areas (départements) correlate 

with CD incidence in those same areas.  Local UV dose showed a Bayesian model of 

geographic distribution of CD, suggesting that low sunlight exposure is a risk factor for CD.  

Major differences in serum 25-OHD concentration were also found between these regions, 

the lowest values being seen in the North and the greatest in the South, with a significant 
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'sun' effect (r = 0.72; p = 0.03) and latitude effect (r = -0.79; p = 0.01) (Nerich et al.,2011).  

Taken together, these observations suggest that the north–south gradient for CD may be 

partly due to ambient solar radiation, resulting in decreased cutaneous vitamin D synthesis 

in northern latitudes.  

 

People living near the equator are at lower risk of developing IBD (Loftus et al.,2004), but 

upon migration from the Indian subcontinent to the UK, the risk of IBD increases to greater 

than that of the indigenous population (Probert et al., 1990; Probert et al.,1992;. Carr et 

al.,1999).  This was particularly relevant in second generation immigrants, supporting a 

protective role for vitamin D in mucosal immunity of early life.  This observation may be 

analogous several studies showing an increased risk of MS upon early migration to a 

temperate climate, at some stage before puberty, leads to the individual taking on the 

incidence of MS in the area to which they migrate (Dean et al., 1997; Elian et al., 1990).  On 

the other hand, people who move after this point carry with them the incidence of the area 

from which they migrated. Hence, countries like Australia and South Africa have a much 

higher incidence of MS than would be expected from their latitude, presumably because 

they have such high immigration levels of first generation Europeans.  

 

Although the increased risk of IBD in Asian immigrant population of the UK could reflect the 

effect of UV-blocking skin pigmentation (melanin) in the immigrant population, there other 

environmental factors which may play a significant role in this predisposition to IBD.  CD is 

most prevalent in highly industrialized countries with temperate climates, however there 

has been a striking increase in prevalence over the past 50 years in both the developed 

world, and with progressive industrialization and improvements in socioeconomic 

conditions in less developed countries.  Specific elements within a changing environment 

that might affect development of the mucosal immune system and/or the enteric 

microflora, include improved hygiene, consumption of sterile and non-fermented foods, 

vaccination, age at first exposure to specific intestinal pathogens and geographical location 

(Shanahan 2002; Bosani 2009).  It is postulated that a decrease in helminth parasite 

infection in the developed world may be one aspect of this environmental hypothesis 

associated with the rise in prevalence of CD (Elliott et al., 2000). Indeed, helminths are 

associated with a TH2 response, which would be expected to counterbalance the TH1 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Probert%20CS%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
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responses of CD.  Furthermore, there is evidence in human trials that iatrogenic helminth 

infection may offer a therapeutic benefit in active CD (Summers et al.,2005). Hence perhaps 

it is failure to experience mucosal conditioning with helminths particularly during childhood 

that predisposes to IBD (Weinstock et al., 2004; Summers et al.,2005). 

 

The UK is subject to an effective 6-month “vitamin D winter”, when the angle of the sun in 

the sky and cloud cover prevent adequate UV skin penetration to generate significant 

vitamin D production.  This has been demonstrated in Edmonton (Canada), which lies at an 

equivalent latitude to London (51.5 degrees N), where inadequate vitamin D synthesis 

extends from mid-October to mid-March (Webb & Holick,1988;. Webb et al.,1988).  As a 

consequence, the prevalence of hypovitaminosis D amongst even the general white British 

population, is highest during the winter and spring, when serum 25-OHD concentrations <25 

(deficient), <40 (insufficient) and <75 nmol/L were found in 15.5%, 46.6%, and 87.1% 

respectively; in comparison serum 25-OHD concentrations were 3.2%, 15.4% and 60.9% 

respectively, during the summer and autumn (Hyppönen & Power,2007). 

 

IBD patients appear prone to seasonal fluctuations in vitamin D status (Vogelsang et 

al.,1989), as of course are healthy individuals (Hyppönen et al.,2007).  In a small cohort of 

Irish CD patients (n=58), 50% and 19% were vitamin D insufficient (25-OHD <50 nmol/l) 

during winter and summer respectively (Gilman et al., 2006).  In the same institution, serum 

25-OHD concentrations in CD patients (n=44) were significantly lower (p< 0.003) than in age- 

and sex-matched controls subjects during both seasons (McCarthy et al.,2005). 

 

Several studies report seasonal variations in onset and exacerbations of IBD, again in 

keeping with MS patterns (Jin et al.,2000). For example, onset of UC has been reported to 

peak in the winter months in Canada (Moum et al.,1996), although a north–south gradient is 

not consistently observed for UC. Higher relapse rates of CD in Northern Europe have been 

reported in the autumn and winter months, whereas lowest rate of relapse was in the 

summer (Zeng et al.,1996).  In keeping with these findings, a seasonal variation in vitamin D 

levels has been demonstrated in patients with CD (Vogelsang et al.,1989), thereby 

strengthening the proposed protective effect of sunlight against the development of CD. 
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Nevertheless, a seasonal pattern is not consistently reported in the literature.  For example, 

although Moum et al reported a significant monthly seasonality (p=0.028) in symptomatic 

onset in December and January for UC (n=420), the same was not true for CD (n=142) 

(Moum et al.,1996).  Furthermore, Aratari et al reported an increased frequency in onset of 

CD symptoms in spring-summer rather than autumn-winter (n= 353, odds ratio 1.59; 95% 

confidence interval 1.00-2.51; p<0.05) (Aratari et al.,2006).  In a much larger CD cohort, 

Lewis et al reported no association between season of the year and flare of CD (n= 1577, P = 

0.66), with only a weak association with flares of UC (p=0.02), however vitamin D levels 

were not documented and relapse was defined simply by a new prescription for steroids or 

5ASAs (Lewis et al.,2004).  

 

Conclusions implicating vitamin D in IBD, based on the above epidemiological data alone, 

should be viewed with some caution since there are many confounding factors not fully 

taken into account.  These include definitions of season, patient numbers, laboratory 25-

OHD measurement and validation methods, sunscreen use, actual sunlight exposure, 

individual variation in clothing and skin pigmentation and psychosomatic effects of ambient 

light.  In addition, there are numerous other geographical factors that may play a role, such 

as local diet, infections and chemical exposure (Davis 2008). 

 

3.3.2  Observational studies in IBD 

A high prevalence of vitamin D deficiency has been reported in both CD (Andreassen  et 

al.,1997) and UC patients (Andreassen et al., 1998), even when the disease is in remission  

(Driscoll et al.,1982; Harries et al.,1985; Schoon et al.,2000; Lee  et al.,2000; Lamb et 

al.,2002).  

  

The direct effects of intestinal inflammation on vitamin D absorption and metabolism are 

unknown.  Studies have demonstrated reduced intestinal absorption of vitamin D in patients 

with quiescent CD and previous intestinal resections, in which the degree of malabsorption 

reflected the extent of resection.  Even in subjects with limited ileal resections, vitamin D 

absorption was reduced by approximately one-third (Leichtmann et al., 1991).  Bile salt 

sequestrants and may also impair vitamin D absorption.  No prospective study has been 

conducted that examined vitamin D intake and the risk of developing IBD.   
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In keeping with a genetical susceptibility to CD, polymorphisms in the VDR (Fok1) gene may 

affect immune cell behaviour (van Etten et al.,2007) and an association with this 

polymorphism has been reported in some IBD populations (Simmons et al.,2000;  Naderi et 

al.,2008). 

 

3.4  Immunomodulatory effects of vitamin D 

The observation that VDR is expressed in cells of the immune system, including peripheral 

blood monocytes, antigen presenting cells (macrophages and dendritic cells) and activated 

CD4+ T cells raises the possibility that VDR agonists may have immunomodulatory activity 

(Bhalla et al.,1983; Provvedini et al.,1983; Manolagas et al.,1986; Brennan et al.,1987; 

Veldman et al.,2000).  Moreover, the demonstration that dendritic cells (DCs), and to a 

lesser extent activated T-lymphocytes, have the capacity to independently synthesize 

1,25(OH)2D3 from sunlight-derived precursors suggests the potential for immune autocrine / 

paracrine activity (Sigmundsdottir et al.,2007).  Indeed, vitamin D has immunomodulatory 

actions on several components of the immune system.  

 

3.4.1  Innate Immunity 

The interaction of the microbiota with the immune system has been implicated in the 

immunopathogenesis of IBD (Ohkusa et al.,2004). This hypothesis is supported by various 

mouse models of colitis; for example, IL-10 knockout (IL10-KO) mice which are susceptible 

to colitis do not develop colitis if bred in germ-free conditions (Kuhn et al.,1993). 

 

Toll-like receptors (TLRs) play a role in the initiation of immune responses by detecting 

conserved peptides expressed by microorganisms (Takeda et al.,2003).  These pattern 

recognition receptors (PRR) are critical in initiating innate immunity and in influencing 

adaptive immunity (Iwasaki et al.,2004). For example, regulatory IL-10 is the predominant 

cytokine expressed by DCs in response to the cell wall of the probiotic bacteria 

Bifidobacterium longum and the probiotic combination VSL#3, whilst LPS (E.coli) stimulates 

IL-12 production promoting a TH1response (Rigby et al., 2005; Hart et al.,2004). 
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Furthermore, the function of PRRs may be important in maintaining mucosal immune 

homeostasis.  PRR gene mutations, such as the NOD2 (CARD15) mutation and certain TLR 

receptor alleles e.g. TLR4 (ligand: lipopolysaccharide-LPS), are associated with susceptibility 

to CD (Hampe et al.,2001; De Jager et al.,2007). For example, DC derived from CD patients 

homozygous for a NOD2 mutation responded normally to TLR ligands but failed to up-

regulate the co-stimulatory molecules CD80 and CD86 in response to the NOD2 ligand 

muramyl dipeptide (MDP). Moreover, they lacked MDP-induced enhancement of TLR-

mediated TNA, IL-12, and IL-10 production compared to controls. Loss-of-function 

phenotype in human myeloid DC and decreased immune regulation by IL-10 may be a 

possible mechanism for this mutation in CD (Kramer et al.,2006).  Hence, lack of a functional 

NOD2 receptor enhances development of TH1 cells with over-expression of IL-12 and IFN 

and reduced IL-10, cytokine profiles which are implicated in CD (Butler et al.,2007).  

 

The treatment of a variety of cell lines with vitamin D induces expression of NOD2. 

Combined treatment with vitamin D and MDP synergistically induced expression of 

endogenous anti-microbial beta defensin and cathelicidin.  Hence, Low serum 25-OHD levels 

in CD may increase likelihood of disease manifestation by compromising efficacy of vitamin 

D-induced NOD2 expression in target tissue (Wang et al.,2010). 

 

Normal intestinal mucosa expresses low concentrations of TLR2 and TLR4 in vivo, but 

expression is significantly increased in intestinal epithelial cells and lamina propria 

mononuclear cells, particularly DC, throughout the lower gastrointestinal tract in IBD 

patients (Cario & Podolsky 2000; Hart et al.,2005; Szebeni et al.,2008).  TLR 2 and 4 are also 

more highly expressed on monocytes in inflammatory diseases, such as Behçet’s Disease , 

also a TH1-associated condition (Andreakos et al.,2004;  Do et al., 2008). In vitro 1,25(OH)2D3 

dose-dependently down-regulated expression of TLR2 and TLR4 by human monocytes 

(Sadeghi et al.,2006), including those obtained from Behçet’s patients (Gombart et al., 

2005).   Of particular relevance, 25-OHD levels in BD patients were inversely correlated with 

the expression of TLR2 and TLR4, as well as clinical indicators of disease.  TNF- synthesis 

was also decreased during TLR stimulation with bacterial peptides by 1,25(OH)2D3 treated 

monocytes in vitro (Do et al.,2008).    These data suggest both a mechanism of disease and 

another possible therapeutic target for vitamin D in IBD.  
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The role of mycobacteria species in the aetiology of CD has long been postulated (Dalzeil 

1913; Crohn et al., 1932; Chiodini et al.,1984; Sanderson et al.,1992; Balfour Sartor 2005), 

whilst vitamin D deficiency is associated with increased susceptibility and severity of 

mycobacterial infection in humans, including Mycobacteria tuberculosis (MTB).  The 

immunological benefits of vitamin D in mycobacterial infection appear paradoxical.  

Immunosuppression by agents regularly used in IBD treatment, such as corticosteroids and 

anti-TNF monoclonal antibodies, as well as rare genetic defects in the IL-12 and IFN-driven 

TH1 cytokine pathways are well recognised to predispose to Mycobacteria tuberculosis 

(MTB) infection or reactivation.  However, despite having no direct anti-mycobacterial 

action and negatively regulating the transcription and secretion of IFN, IL-12p40, and TNF 

in MTB and BCG-infected PBMC and macrophage cultures (Martineau et al.,2007), 

1,25(OH)2D3 appears to mediate protection against MTB through several “non-classical” 

mechanisms, inducing anti-tuberculous activity in vitro in both monocytes and 

macrophages.  Exogenous 1,25(OH)2D3 up-regulates protective innate host responses 

inducing a superoxide burst (Monkawa et al., 2000), enhancing phagolysosome fusion 

(Zittermann 2003) and induction of nitric oxide synthase in Mycobacterium tuberculosis–

infected macrophages (Martineau et al.,2007).  The innate function of TLRs extends to the 

induction of expression of antimicrobial peptides (AMPs), including /-defensins and 

cathelicidin, the first-line of innate defence against infection.  Although vitamin D has no 

direct anti-microbial activity, 1,25(OH)2D3 can modulate AMP expression through VDRE 

signalling in human cathelicidin and defensin genes (Gombart et al 2005; Wang et al.,2004). 

 

Novel experiments have also shown that exposure of monocytes and macrophages to TB 

stimulates TLR2, which through vitamin D mediated mechanisms (by up-regulation of both 

VDR and 1-hydroxylase), results in synthesis of cathelicidin (Figure 3.3).  In addition, 

1,25(OH)2D3, enhances the ability of mononuclear phagocytes (monocytes and 

macrophages) to suppress the intracellular growth of TB in vitro, particularly in individuals 

known to have an increased susceptibility to both TB and vitamin D deficiency (e.g. African 

Americans) (Liu et al.,2006).  In support of these observations, ex-vivo experiments have 

shown that induction of macrophage cathelicidin is significantly compromised when using 
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serum from 25-OHD insufficient donors in whom if serum levels of 25-hydroxyvitamin D fall 

below 50 nmol/L, the monocyte or macrophage is prevented from initiating this innate 

immune response.  However, this is restored by replenishing 25-OHD levels. Furthermore, a 

single high oral dose of vitamin D3 (100,000iU) significantly enhances anti-mycobacterial 

immunity by restricting recombinant Mycobacterium bovis in vitro, whilst increasing serum 

25-OHD levels by 91% (Martineau et al., 2007). Finally, in small double-blind clinical trial of 

TB patients (n=67) receiving standard TB antimicrobial treatment were randomised to 

adjuvant vitamin D (10,000iU/day) or placebo for the first 6 weeks of treatment. The rate of 

conversion to TB negative sputum was 100% in the Vitamin D group versus 76% in placebo 

group (p=0.002) (Nursyam et al.,2006).  These recent findings add credence to the historical 

treatment of TB in the 19th Century with sunlight and cod liver oil (rich in vitamin D) 

(Mandavilli 2007). 
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Fig 3.3 Effect of Vitamin D on Innate Immunity. TLR activation by bacterial peptides up-regulates VDR and 1-

OHase D3 expression. 25-OHD transported in serum or locally derived in skin enters the target cell (e.g. 

macrophage). 1-OHase D3 converts 25-OHD to the active metabolite 1,25(OH)2D3 which binds to VDR.  The 

VDR-RXR complex enters the nucleus to interact with VDRE in nuclear DNA.  Gene transcription leads to the 

production of cathelicidin, which enters phagosomes to destroy engulfed pathogens. 1,25(OH)2D3 also exerts 

negative feedback regulation by decreasing TLR expression. 
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3.4.2  Adaptive Immunity 

DC are highly specialised antigen-presenting cells which link innate with adaptive immunity.  

These sentinels of the immune system play a pivotal role in orchestrating the immune 

response to commensal microorganisms that is fundamental in IBD.  They determine either 

non-responsiveness (or tolerance), or whether TH1 or TH2 responses by effector T-cells 

predominates, and also control tissue-specific homing of these effector cells (Stagg et 

al.,2003). 

 

In vitro culture studies, largely using murine bone marrow-derived or peripheral blood 

monocyte-derived  DC (MoDC),  have demonstrated inhibition the differentiation of these 

precursors into DC by 1,25(OH)2D3 or its analogues in healthy individuals (Penna & Adorini 

2000; Piemonti et al.,2000; Griffin et al.,2000; Berer et al.,2000; Canning et al.,2001; van 

Halteren et al.,2002;  Stio et al.,2007), and IBD patients in vitro (Stio et al.,2005,2007).  DC 

cultured with vitamin D or its analogues demonstrate ‘tolerogenic’ properties with dose-

dependent decreased expression of co-stimulatory molecules CD40, 80, 86 and MHC Class II 

molecules (Figure 3.4).  These vitamin D conditioned tolerogenic DCs, consequently have a 

reduced ability to activate allogenic T cells in the MLR, resulting in T-cells which themselves 

are hyporesponsive and produce limited IFN (Piemonti et al.,2000; Griffin et al.,2000; Berer 

et al.,2000; Canning et al.,2001; van Halteren et al.,2002).   Furthermore, vitamin D-treated 

DC retain an immature phenotype despite withdrawal of vitamin D, a feature not seen in the 

response of DC to corticosteroids (Stio et al.,2005). 

 

1,25(OH)2D3 inhibits IL-12 production by DC (Penna and Adorini 2000, Lemire et al.,1995) 

probably by interfering with NF (nuclear factor kappa B) induced IL-12 transcription in 

both macrophages and DC (D'Ambrosio et al.,1998).  Conversely, 1,25(OH)2D3 up-regulates 

DC-derived IL-10 production, which both promotes TR cell phenotype and inhibits TH1 

pathways (Penna and Adorini 2000; Canning et al.,2001), by down-regulating IL-12 

production and by blocking further IFN synthesis by differentiated TH1 T-cells (Reichel et 

al.,1987). 



97 

 

VDR-RXR

 1,25(OH)2D3

 1-OHase
 VDR

TLR

VDRE

25OHD3

TLR

TLR

TLR MATURATION

CD80 

CD86 

CD40 

TLR 

MHC II 

 IL12

 IL23 / IL6

 IL10 / IL4

 Th1

 Th17

 Th2 / T reg

Gut DC can acquire antigen via:

1. M cell transport

2. Extension of dendrites directly into lumen

3. Transport across epithelial cell

4. Direct access due to loss of epithelial integrity

Immature DC

Autocrine 
activity

Antigen

 

Figure 3.4: Effects of 1,25(OH)2D3 on dendritic cell function. Antigen stimulation of TLR up-regulates both 

VDR and 1OHase expression, increasing production of 1,25(OH)2D3 and resulting in enhanced autocrine 

action on VDR, leading to transcription of genes containing VDRE.  Arrows indicate 1,25(OH)2D3 mediated up-

regulation () or down-regulation () of TLR, MHC Class II and costimulatory molecule (CD40, 80 ,86) 

expression in DC.  The effects of 1,25(OH)2D3 on DC-derived cytokine expression (IL-12, IL-23, IL-6, IL-10, IL-4) 

and consequent polarisation of T-cell responses are also indicated. 

 

T-cell function itself can be directly influenced by 1,25(OH)2D3, as well as by indirect DC-

derived signals.  There is evidence that vitamin D or its analogues inhibit antigen induced T-

cell activation and proliferation (Reichel et al.,1987; Lemire 1992;  Rigby et al.,1984; Bhalla 

et al.,1984) including T-cells from UC patients (Stio et al.,2001).  This anti-proliferative effect 

is due at least in part to suppression of IL-2-mediated clonal expansion of T-cells by 

inhibition of IL-2 mRNA transcription (Rigby et al.,1987; Alroy et al.,1995). 

 

1,25(OH)2D3 can also polarise a TH2 response in the absence of antigen by direct activity on 

T-lymphocytes in transgenic mice (Boonstra et al.,2001) whilst synthesis of the pro-

inflammatory T-cell-derived cytokine IFN- is directly inhibited by 1,25(OH)2D3 (Reichel et 

al.,1987; Lemire 1992; Cippitelli et al).  1,25(OH)2D3 also reportedly induces cell death of 

antigen stimulated (PHA) T-lymphocytes in PBMC from controls and CD patients, a loss of 
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viability associated with a decrease in IL-2 secretion compared to controls.  The absence of 

observed effects on resting lymphocytes suggests the lack of apoptosis could be due to the 

lack of VDR receptor expression in unstimulated cells (Pintado et al.,1996).  In addition, a 

reduction in expression of the leucocyte adhesion molecule ICAM-1, also seen in anti-TNF 

treated CD patients, likely associated with reduced TNF (Martinesi et al.,2008). 

 

3.4.3   Homing and Vitamin D 

Vitamin D influences DC-mediated homing marker expression in activated human T-cells, 

instead favouring T cell skin tropism.  Vitamin D up-regulates the expression of skin-homing 

CCR10 expression on activated T cells, while down-regulating intestinal-homing receptors 

(α4β7 and CCR9).  Skin DC also possess the enzymatic machinery (e.g. CYP27B1) necessary 

to produce 1,25(OH)2D3 from sunlight-derived vitamin D precursors, thereby enabling 

vitamin D directed imprinting (Sigmundsdottir et al.,2007). 
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Figure 3.5: Effect of vitamin D on skin and gut T-cell homing.  In the skin, vitamin D derived from sunlight can 

be converted into 1,25(OH)2D3 by DC which express both 25OHase and 1OHase.  DC acquiring antigen in the 

skin migrate to local lymphoid tissue, undergoing maturation in the process.  Mature DC then activate naïve T 

cells (T0), which in the presence of paracrine 1,25(OH)2D3 up-regulate CCR10 and CLA expression whilst down-

regulating 47 expression.  This imprints activated T-cells with skin homing properties through interactions 
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between chemokine receptors (CCR10) and skin-specific chemokines (CCR27), and cell-surface molecules (CLA) 

and vascular adhesion molecules (E-selectin).  Conversely, dietary-derived vitamin A can be converted by 

ADH/RALDH-expressing gut DC into retinoic acid, the ligand for the RAR receptor.  DC acquiring antigen in the 

gut migrate to gut-associated lymphoid tissue, where in the presence of retinoic acid they up-regulate 47 

and CCR9 expression, imprinting activated T-cells with gut homing properties through interaction with gut-

specific adhesion molecules (MAdCAM-1) and chemokines (CCR25). 

 

3.4.4  Vitamin D in animal models of IBD 

The IL-10 knockout (IL10-KO) mouse develops spontaneous severe panenterocolitis within 

5-8 weeks of birth with an associated 30% mortality.  Panenterocolitis arises from an 

uncontrolled immune response, due to deficient IL-10 regulation, in response to normal 

intestinal microflora.  IL10-KO mice bred in a pathogen-free environment survive with a 

milder form of the disease (Kuhn et al.,1993). 

 

IL-10-KO mice bred to be vitamin D deficient developed an accelerated form of enterocolitis 

with twice the rate of mortality, but vitamin D deficient wild-type (WT) mice do not develop 

enterocolitis.  Interestingly, when vitamin D deficient IL10-KO mice received dietary vitamin 

D3 (cholecalciferol) or 1,25(OH)2D3, enterocolitis did not develop.  Furthermore, in IL10-KO 

mice with established IBD, 1,25(OH)2D3 supplementation ameliorated and blocked 

progression of symptoms, reduced signs of intestinal inflammation with an associated 

reduction in TNF expression (Cantorna et al.,2000; Zhu et al.,2004).  In addition, removing 

calcium from the diets of vitamin D-deficient IL-10 KO mice further increased the severity of 

IBD and suggested that dietary calcium may have an independent effect on IBD severity 

(Zhu  et al.,2004).  These studies provide evidence that vitamin D has immunomodulatory 

properties in intestinal inflammation.  Vitamin D is also essential in maintaining the integrity 

of the intestinal mucosal barrier in mice (Kong et al., 2008) leading to speculation that 

vitamin D supplementation might be capable of restoring epithelial barrier defects in human 

CD. 

 

VDR-KO mice are also more sensitive than non-VDR-KO mice to chemically-induced (DSS) 

colitis and fail to recover spontaneously upon withdrawal of the chemical insult.  DSS-

induced colitis in VDR-KO mice is associated with greater expression of several pro-

inflammatory cytokines (e.g. TNF, IL1, IL1, IL12, IFN) than in their WT counterparts. 
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Dietary supplementation with 1,25(OH)2D3 reduced severity of DSS-induced colitis in WT 

mice but unsurprisingly not in VDR-KO mice.   This lack of response to vitamin D 

demonstrates the requirement of a functional VDR for Vitamin D efficacy (Froicu et 

al.,2007). 

 

3.4.5  Synergistic effects of vitamin D with immunomodulators used in IBD 

 

A potential therapeutic application for vitamin D in IBD is the apparent additive or 

synergistic effect when combined with conventional treatments such as corticosteroids or 

immunomodulators.   This may allow steroid-sparing or dose reduction with consequently 

less toxicity. 

 

In vitro, a combination of vitamin D and steroids was more effective than either treatment 

alone in reducing proliferation of PBMC (Barrat et al.,2002), reducing the TH1 cytokine IFN 

(Jirapongsananuruk et al.,2000), and increasing IL10 producing T-cells (Barrat et al.,2002; 

Bartels et al.,2007). 

 

An in vivo study of TNBS-induced colitis (chemical model of colitis in mice) compared the 

benefits of corticosteroids and 1,25(OH)2D3 administered before and after induction of 

colitis. 1,25(OH)2D3 alone reduced clinical severity, but combination treatment 

(dexamethasone plus 1,25(OH)2D3) demonstrated the most effective reduction of disease 

severity. This combination of corticosteroids and 1,25(OH)2D3 was effective in both 

preventing severe colitis and ameliorating effects if given when colitis was already 

established.  Both treatments independently down-regulated Th1 (reduced IL-12, TNF, 

IFN, IF1 and Tbet expression) and up-regulated Th2 responses (increased GATA3, IL-4), as 

well as regulating DC responsible for pro-inflammatory differentiation of Th1 cells.  In 

addition, IL-23 and associated Th17 responses, implicated in the inflammation associated 

with Crohn’s disease, were also down-regulated. 1,25(OH)2D3 alone, but reinforced by 

additional dexamethasone, promoted a TR cell profile (Daniel et al.,2008). This work implies 

a potential therapeutic steroid-sparing clinical application of 1,25(OH)2D3 derivatives in 

active IBD.  
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Prevention of experimental IBD by transfer of immunosuppressive DC has also been 

demonstrated. In SCID T cell transfer model of colitis, dexamethasone combined with 

1α,25(OH)2D3-treated DC resulted in lower CD4+ CD25- T cell specific responses in vitro and 

in vivo, with subsequent suppression of colitis (Pedersen et al.,2008). 

 

Additive effects have also been demonstrated in combination with immunomodulators 

commonly used in IBD.  In vitro 1,25(OH)2D3 and vitamin D analogues worked synergistically 

with the calcineurin inhibitor cyclosporin (CsA), an inhibitor of IL-2 (Baker & Jewell 1989), to 

reduce proliferation in T lymphocytes from both healthy and UC subjects (Stio et al.,2002).  

Pre-treatment in vivo with anti-TNF monoclonal antibody (Infliximab) was synergistic with 

vitamin D or its analogues in CD patients regarding in vitro PBMC proliferation (Stio et 

al.,2004), whilst synergistic effects in reducing TNF have been observed when anti-TNF 

and vitamin D derivatives are combined in vitro (Stio et al.,2005).   

 

3.4.6  What 25-OHD level is immunomodulatory?  

Serum 25-hydroxyvitamin D ( 25-OHD ) is widely accepted as a biomarker of overall vitamin 

D status and is expressed as either ng/ml or nmol/L (1ng/ml = 2.5nmol/L).  25-OHD 

concentrations <20–25 nmol/L traditionally indicate severe vitamin D deficiency, which if 

untreated, may lead to rickets (infants) and osteomalacia (adults) (Holick 2007).  However, 

there is no current formal consensus of optimal serum 25-OHD levels, although expert 

opinion ranges from 50 to over 100nmol/L.   

 

3.4.7  What constitutes adequate serum 25-OHD levels?   

Target 25-OHD levels are in part based on attaining 25-OHD levels at which functional 

effects are observed.   For many years vitamin D deficiency in humans was defined by the 

serum concentration of 25-hydroxyvitamin D required to prevent rickets or osteomalacia 

(<37.5nmol/L).  However, this out-dated target has increasingly been challenged by several 

investigators, taking the different approach of assessing the relationship between serum 25-

OHD and serum parathyroid hormone in the classical endocrine negative feedback pathway. 

Chapuy et al described an inverse correlation (p<0.01) between these two factors at 

concentrations of 25OHD up to 78 nmol/L at which PTH held a stable plateau (90nmol/L) 

(Chapuy et al.,1997).  This indicated that optimal vitamin D status may be much higher than 
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originally thought and prompted the introduction of a new term, “vitamin D insufficiency”, 

to describe individuals with serum 25-OHD concentrations that are higher than “deficient” 

(i.e. adequate to prevent rickets but lower than optimal) (Holick 2008). 

 

According to Zimmermann hypovitaminosis, wherein tissue levels are depleted and PTH is 

slightly elevated correlates with serum levels of 75-100nmol/L (Zittermann 2003).   Dawson-

Hughes et al support this by demonstrating that serum levels of PTH begin to elevate at 

serum levels less than 110nmol/L in the elderly (Dawson-Hughes et al., 1997), whilst 

Kinaymu et al found that optimal PTH status deteriorates when 25-OHD levels fall less than 

122nmol/L in elderly women (Kinyamu et al.,1998).  Safe and “adequate” serum 25-OHD 

levels have therefore been proposed to be 100-200 nmol/L by Zimmerman, whilst Mahon, 

goes a little further by proposing an optimal range of 100-250nmol/l in MS (Mahon et 

al.,2003).  In an expert monologue reviewing vitamin D concentrations and safety, Vieth 

states there is no consistent or credible evidence of vitamin D toxicity associated with levels 

<200-220nmol/L (Vieth 1999).  Indeed, serum 25-OHD of 220nmol/L are not unusual in 

certain environments and should be regarded as within the physiological limit for humans.   

 

Most experts now believe that the lower limit for adequate vitamin D levels is between 75 

to 100nmol/L.  If based on levels in which the human genome is likely to have originally 

evolved, then parallels could be drawn from natural levels attained by humans living and 

working in the sun (~125-175nmol/L).  However, these levels are rarely achieved by very few 

modern day humans. Furthermore, there are few documented biological benefits associated 

with serum levels of more than 80nmol/L and the long term effects of persistently 

sustaining higher levels of vitamin D are unknown. 

 

3.4.8  Therapeutic Vitamin D supplementation   

Ongoing dosage with Vitamin D, particularly 1,25(OH)2D3, is limited by potential toxicity 

leading to hypercalcaemia and hypercalciuria. The current recommended safe daily dose is 

both controversial and conservative (1000iU/d and 2000iU/d in the United Kingdom and 

North America respectively) (Food Standards Agency, UK 2003; Standing Committee on the 

Scientific Evaluation of Dietary Reference Intakes, USA 1997).  Several recent expert reviews 

now suggest these doses are inadequate and based on insufficient evidence (Lips 2004; 
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Holick 2004; Vieth 2004,2007; Heaney et al.,2003).  The daily vitamin D dosage required to 

achieve adequate 25-OHD levels are also unclear.   In fact, it has uniformly been shown that 

standard doses of vitamin D (800 IU/day) have no effect on the incidence of bone fractures, 

perhaps because this dose is not likely to raise serum 25-OHD3 levels above 50 nmol/L (Lips 

2004).   

 

These guidance doses of 1000-2000iU/day seem insignificant when compared with the 

suggested physiological daily limit of 10-20000 IU vitamin D/day, generated by 30 minutes 

total-body sunlight exposure in the absence of any toxicity (Barger-Lux et al., 1996; Vieth 

1999; Holick 1995; Stamp 1975; Davie et al., 1982; Hollis 2005). Furthermore, current data 

support the view that 25-OHD levels up to 250nmol/L leaves a wide margin of safety with 

vitamin D toxicity not occurring until 25-OHD levels reach > 750nmol/L (Heaney et al.,2003; 

Vieth 1999 Jones 2008; Vieth et al.,2001).  The single high oral dose of vitamin D3 

(100,000iU) given to individuals with TB contacts, safely induced a 91% increase in mean 

serum 25-OHD, correcting any pre-existing vitamin D deficiency (<20 nmol/L) for at least 6 

weeks (Martineau et al., 2007).   Indeed, Aloia et al recently demonstrated that doses of 

5000iU/d are required over a 6 month period to raise baseline 25-OHD levels of <55nmol/L 

to over 75nmol/L (Aloia et al.,2008). 

 

3.4.9  Immunomodulatory Therapy of Vitamin D in Humans    

An important role for the immunomodulatory properties of vitamin D has already been 

established in mainstream clinical practice.  Psoriasis is fundamentally an inflammatory skin 

condition with reactive abnormal epidermal differentiation and hyperproliferation.  DC and 

T-cell dysfunction associated with a predominately TH1 and TH17 response, secreting pro-

inflammatory cytokines such as tumor TNFα, IL-1β, and IL-6, as well as IL-22 which causes 

keratinocytes to proliferate. A defect in regulatory T cells and the regulatory cytokine IL-10 

may also be involved (Nestle et al.,2009).  The vitamin D analogue, Calcipotriol (MC 903) has 

been used to treat psoriasis and is considered a first-line therapy for the disease (Scott et 

al.,2001), inhibiting proliferation and promoting differentiation of keratinocytes. 

 

Despite many documented animal studies demonstrating an immunomodulatory role for 

vitamin D in IBD, to date there have been no published clinical trials in human IBD patients.  
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Although naturally-derived fish oils are a good source of vitamin D3, studies of efficacy in 

IBD (ulcerative colitis) have used largely purified or manufactured forms likely to contain 

negligible amounts of vitamin D.  Nevertheless, despite containing polyunsaturated fatty 

acids, which are also thought to exhibit anti-inflammatory activity, a recent Cochrane 

analysis of 6 papers concluded that there was insufficient evidence to recommend clinical 

use in IBD (Ley et al 2007).  Furthermore, fish oils contain large amounts of vitamin A, which 

may potentially influence some of the effects of vitamin D. 

 

There have been a limited number of clinical trials of vitamin D in autoimmune disease with 

TH1-mediated aetiology.  Kimball et al gave increasing oral doses of vitamin D (28,000iU-

280,000 IU per week) over 4 weeks in 12 patients in an active phase of MS (along with 1.2g 

calcium per day), safely achieving mean serum 25-OHD concentrations twice the upper 

physiological range.  Although disease progression and activity was not affected, the 

number of gadolinium-enhancing lesions detected by MRI significantly decreased (Kimball et 

al.,2007).   Other MS studies using lower doses of vitamin D (1000iU-5000iU/day) have 

suggested significant increases in anti-inflammatory cytokine (transforming growth factor 

1) and reported a reduction in exacerbations and clinical severity in MS. Mahon et 

al.,2003).  In a small case-controlled study, rheumatoid arthritis patients supplemented with 

a synthetic 1,25(OH)2D3 precursor (alphacalcidiol or 1-hydroxyvitamin D3) demonstrated a 

reduction in the severity of symptoms (Andjelkovic et al.,1999).  There may also be an 

emerging therapeutic role for vitamin D with several limited open-labelled clinical trials 

showing favourable outcomes in diseases such as psoriasis and arthritis as well as some 

cancers (Nagpal et al.,2005). 

 

In summary, there is increasing epidemiological, observational and experimental evidence, 

suggesting an immunomodulatory role for vitamin D in IBD.  Vitamin D has potent 

immunomodulatory actions on the immune processes implicated in the pathogenesis of IBD, 

both at the innate and adaptive level.  However, the dose of vitamin D optimal for 

immunomodulatory effects in humans is not yet known. In light of this evidence, well-

conducted clinical trials of vitamin D or its analogues in human IBD patients are warranted 

to confirm and assess further the potential therapeutic properties of this underestimated 

vitamin.  
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3.5  Hypothesis and Aims 

 

3.5.1  Hypothesis 

Vitamin D is immunomodulatory and can influence homing markers on lymphocytes which 

implicates hypovitaminosis D in the pathogenesis and possibly in IBD. 

 

Dysregulated DC and T-cell function, including abnormal expression of tissue homing 

markers on leucocyte populations, is central to the pathogenesis of IBD. Vitamin D is 

immunomodulatory and can influence homing markers on leukocytes which implicates 

hypovitaminosis D in the pathogenesis and possibly in treatment of IBD.   

 

3.5.2  Aims 

 

1) To determine the Vitamin D status of Crohn’s Disease patients and identify 

associations with disease phenotype and activity. 

 

2) To determine the repertoire of homing molecule expression by human DC and 

conventional T-cells populations in the peripheral blood of Crohn’s Disease patients 

compared with healthy controls. 

 

3) To characterise the homing profile of the innate γδ T-cell lymphocyte population in 

the peripheral blood of patients with inflammatory bowel disease compared with 

healthy controls, in particular in relation to cutaneous extra-intestinal manifestations 

of the skin. 

 

4) To assess cellular toxicity of vitamin D in culture, in preparation for in vitro cell 

culture experiments. 

 

5) To determine the effect of vitamin D in vitro on the stimulatory phenotype of DC 

from peripheral blood and terminal ileum 

 

6) To analyse effects of vitamin D in vitro on the functional phenotype, stimulatory 

potency for allogeneic T-cells and ability to imprint homing properties on T-cells of 

DC from blood and the terminal ileum 
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Chapter 4 

Material and Methods  

 

4.1.  ETHICAL APPROVAL 

Ethics Committee and Competent Authority Approvals  

Ethical committee approval was secured to investigate “Dendritic Cell Immune Regulation” 

and “Immunological and Microbiological Factors in Inflammatory Bowel Disease” using 

human blood and intestinal biopsy material (Brent and Harrow Research Ethics Committee, 

Ref. 05/Q0405/71 and 08/H0717/24). 

 

4.2  MATERIALS 

4.2.1  Whole Blood Samples 

Human venous blood (10-50ml) was obtained from healthy volunteers or patients with 

Inflammatory Bowel Disease. Peripheral blood was collected in 10ml lithium heparin 

Vacutainer tubes (BD Biosciences) upon confirmation of written informed consent. 

 

4.2.2  Human Intestinal Tissue 

Human intestinal biopsies from the terminal ileum or left-side of the colon (sigmoid colon to 

splenic flexure) were obtained at routine colonoscopy from healthy patients with 

macroscopically and histologically normal mucosa.  

 

Typical clinical indications for colonoscopy included symptoms of rectal bleeding or a 

change in bowel habit.  However, in order to increase the yield of terminal ileal biopsies, 

which are only accessible by potentially technically challengingly ileocaecal valve intubation, 

patients referred for surveillance colonoscopy for family history of bowel cancer or polyp 

follow-up were also considered.  Exclusion criteria included inflammatory bowel disease or 

other inflammatory conditions (e.g. sarcoidosis, tuberculosis, diverticulitis), any current 

cancer of any type, previous bowel cancer or polyposis syndromes. 

 

Written informed consent was obtained from all patients before the procedure.  Up to ten 

mucosal biopsies (about 60 mg of tissue) were taken per patient from the terminal ileum or 

descending / sigmoid colon.  All patients had received either full bowel preparation with 
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magnesium citrate and senna (colonoscopy).  The biopsies were collected in complete 

medium and transported immediately to the laboratory on ice. All experimental procedures 

were started within an hour of taking the mucosal biopsies. 

 

4.2.3  Culture Media 

Culture medium 

Dutch Modification RPMI-1640 medium (Sigma Aldrich, UK) supplemented with 2mM L-

glutamine, 100ug/ml streptomycin and 100 units/ml penicillin was used for cell suspension 

during processing of whole blood,  

 

Complete medium 

During prolonged processing or culture of intestinal biopsy and resection specimens, cells 

were suspended in RPMI-1640 Dutch Modification medium supplemented with 10% foetal 

calf serum (FCS, Harlan Laboratories) 2mM L-glutamine, 100ug/ml streptomycin, 100 

units/ml penicillin.  For culture of intestinal biopsy samples an additional 25ug/ml 

gentamicin (Sigma) was added. 

 

4.2.4 Vitamin D 

1,25-Dihydroxyvitamin D3 (1,25-OH2D3, Calctriol) 

The active metabolite of vitamin D, 1,25-OH2D3 (Sigma) was made up in to a stock solution 

of 10-4M by dissolution in 95% Ethanol and stored at -80C as recommended by the 

manufacturer. 

 

4.2.5 Buffers 

 

FACS buffer 

Cells prepared for flow cytometry were washed and re-suspended in Phosphate Buffered 

Saline (PBS, Sigma, UK) supplemented with 2% FCS, 0.02% sodium azide (Sigma, UK) and 

1mM EDTA (Sigma, UK). 
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10x Binding Buffer  

10x Binding Buffer (Abcam, UK) was supplied pre-formulated and consisted of 0.1 M Hepes, 

pH 7.4, 1.4 M NaCl 25 mM CaCl2 was diluted with distilled water to a working concentration 

of 1x Binding Buffer.  This binding buffer contains an optimal concentration of calcium 

required during cell labelling for calcium-dependent binding of Annexin V to externalised 

phosphotidylserine (PS) on cell surfaces.  

 

MiniMACs Buffer 

MiniMACs Buffer contains PBS 500ml, 0.37g EdTA (2mM), 2.5g (0.5%) and Bovine Serum 

Albumin (BSA, Sigma, Germany).  This was used for washing and labelling cells in the 

MiniMACSTM magnetic cell separation system (Miltenyi Biotec, Germany). 

 

4.2.6  Reagents 

5-Carboxyfluorescein succinimidyl ester (CFSE)  

CFSE is a fluorescent cell staining dye used to monitor lymphocyte proliferation in vitro due 

to the progressive halving of CFSE fluorescence within daughter cells following each cell 

division (Lyons et al., 1994). A stock solution (100uL) was stored at -80C.     

 

Dithiothreitol (DTT) 

DTT (Sigma-Aldrich) is a strong reducing agent and was added to calcium- and magnesium- 

free HBSS (HBSS: Gibo, BRL, Maryland, USA) to remove mucus, faeces and debris from 

human colonic biopsies. Working concentration was 1mM. 

 

Hanks’ balanced salt solution (HBSS) 

Calcium- and magnesium-free HBSS (Gibco BRL, Paisley, Scotland) was used to wash tissue 

cell suspension from human TI biopsies. 

 

Ethylenediaminetetraacetic acid (EDTA) 

EDTA (Sigma, Dorset) is a chelating agent that binds to calcium and prevents joining of 

cadherins between cells, preventing clumping of cells growing in liquid suspension or 
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detaching adherent cells. EDTA (1mM) was added to Hanks’ balanced salt solution without 

calcium and magnesium and used to remove the epithelial cell layer of intestinal biopsy 

specimens.  

 

Foetal calf serum (FCS) 

FCS (TCS Cellworks, Buckingham, UK) was added to cell culture media to provide basic 

growth factors for cells. FCS also blocks non-specific binding during monoclonal antibody 

labelling. Stored in aliquots at -80C. 

 

Ficoll-Paque 

Ficoll-PaqueTMPlus (GE Healthcare Bio-Sciences AB, Uppsala, Sweden). Ficoll-Paque is a 

polysaccharide dissolved in an aqueous solution and creates a density gradient at 

centrifugation for separation of peripheral blood mononuclear cells (PBMC) from whole 

blood.  

 

Flow countTM Fluorospheres  

Flow-countTM fluorospheres (Coulter Immunotech, High Wycombe, UK) were used as a 

reference population during flow cytometry analysis of human cells for the calculation of 

absolute cell numbers. 

 

Fluorescein isothiocyanate–dextran 40kDa (FITC-Dextran) 

FITC-Dextran (Sigma) was used to determine phagocytic capacity of cultured MoDC by 

addition to culture at a concentration of 1mg/ml followed by demonstration of fluorescence 

upon cellular internalisation at Flow Cytometry.  

 

NycoPrep 

NycoPrepTM1.068 (PROGEN Biotecknik GmbH, Germany) was used to isolate low-density 

cells (LDC) enriched for DC from cell culture suspensions by creating a centrifugal density 

gradient to separate LDC from the non-adherent fraction of PBMC or TI “walkout” cells 

following overnight culture. LDC were used as a source of DC for mixed leucocyte reactions 

(MLR) with allogeneic T-cells.  This was an alternative to a metrizamide density gradient, 
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exposure to which can inadvertently decrease the expression of CD14 by monocytes 

through stimulation and alter the properties of antigen presenting cells (Kabel et al.,1989). 

 

Paraformaldehyde 1% (PFA) 

PFA (BDH chemicals, Poole, UK) was used as a fixative by addition (100-400L) to cells post 

antibody-labelling.  Labelled cell suspensions could then be stored at 4C in the dark until 

flow cytometry acquisition within 48 hours. A stock solution of 1% PFA was created by 

dissolving in saline with slow heating to 60C at pH 7.0 – 7.4 and was stored at 4C.  

 

Propidium iodide (PI) 

Propidium iodide (BD Pharmingen) was used as an exclusion dye for viable cells in the 

Annexin V apoptosis assay.  Stock solution of 1mg ml-1 was diluted 1:20 in PBS to create a 

50g ml-1 working stock concentration. PI was stored, protected from light, at 4oC.   

 

Trypan blue 

Trypan blue (Sigma, Poole): Trypan blue is a dye used to selectively colour dead cells and 

tissue. Live cells, or cells with intact cell membranes are not coloured; hence the dye 

exclusion method was used to count live cells.  Working concentration 0.4%.  

 

Sodium azide  

Sodium azide (Sigma, MO, USA) is an inorganic compound that prevents capping and 

shedding of monoclonal antibodies bound to target antigens on viable cells during analysis 

of cells at flow cytometry. Sodium azide (0.02%) was one of the constituents of FACS buffer. 

 

 

4.2.7  Antibodies 

Conjugated antibodies 

The following monoclonal antibodies (mAb) and their isotype-matched controls were 

obtained from the same manufacturer (Table 2.2.3). 
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Table 4.1  Conjugated Antibodies 

Specificity Conjugate Source Isotype Company 

Annexin V FITC - - Becton Dickinson 

APC Streptovidin - - Becton Dickinson 

beta7 PE/PE-Cy5/ APC Rat IgG2a Becton Dickinson 

CCR10 APC Rat IgG2a RD 

CCR4 APC Mouse IgG2b RD 

CCR7 PE Mouse IgG2a RD 

CCR8 APC Rat IgG2b RD 

CCR9 PE / APC Mouse IgG2a RD 

CD11c FITC Mouse IgG1 Dako 

CD11c PE / APC Mouse IgG1 Becton Dickinson 

CD14 FITC / PE Mouse IgG2b Becton Dickinson 

CD14 Microbead Mouse IgG2a Miltenyi 

CD25 / IL-2R FITC Mouse IgG1 Dako 

CD28 PE Mouse IgG1 Becton Dickinson 

CD3 PE-Cy5 Mouse IgG1 Becton Dickinson 

CD40 FITC / PE Mouse IgG2a Serotec 

CD8 PC5 /  PE-Cy5 / APC Mouse IgG1 Beckman Coulter 

CD8 FITC Mouse IgG2a Becton Dickinson 

CD80 FITC / PE Mouse IgG1 Becton Dickinson 

CD86 FITC / pE Mouse IgG1 Serotec 

CLA FITC Rat IgM Becton Dickinson 

CLA Biotin Rat IgM Becton Dickinson 

DC exclusion cocktail PE-Cy5 Mouse IgG Serotec 

HLA DR Microbead Mouse IgG1 Miltenyi 

HLA-DR FITC Mouse IgG2a Becton Dickinson 

HLA-DR PE Mouse IgG2a Becton Dickinson 

HLA-DR APC Mouse IgG2a Becton Dickinson 

ILT3 PE Mouse IgG2a Becton Dickinson 

ILT3/a (CD85k) PC5 Mouse IgG1 Beckman Coulter 

TCR gamma delta FITC / PE Mouse IgG1 Becton Dickinson 

TLR2 (CD282) FITC Mouse IgG2a Serotec 

TLR4 (CD284) FITC Mouse IgG2a Serotec 

 
 
Dendritic Cell Lineage exclusion cocktail 

DC lineage cocktail is an optimised, pre-formulated cocktail of PE Cy-conjugated anti-CD3, 

anti-CD14, anti-CD16, anti-CD19, anti-CD34 and anti-CD56 used to exclude non-DC cell 

lineage at multi-colour flow cytometry.  Lineage exclusion is important as there is some 

cross-reactivity with monocytes and B-cells when staining with CD11c+ / BDCA1+ alone 

(Personal communication: H.Omar, APRG). 

 

Immunomagnetic microbeads  

Immunomagnetic beads (Miltenyi Biotec, Germany) conjugated to monoclonal antibodies 

(MAbs) specific for cell surface antigens (CD14, HLA-DR, CD3) were utilised to separate cells 
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expressing these markers from a cell suspension using the MiniMACS system.  In a specially 

designed magnetic field, the immunomagnetically targeted cell is acted upon by well 

defined magnetic force, while the non-targeted cells are acted upon by a weak diamagnetic 

force operating in the opposite direction. As a result of this magnetic force, the cells can 

either be directed in a specific direction or retained in the magnetic field (positive cell 

fraction), thus facilitating the separation of the targeted from non targeted cells (negative 

cell fraction). To separate the targeted cell population from cell mixture, there are two main 

approaches in immunomagnetic separation: positive selection and negative depletion. In 

positive selection, the target cell population is magnetically labeled and collected in the 

positive fraction (either collected in an outlet flow or removed after being retained by the 

device) after running through the separation system. In negative depletion, the desired cells 

are not immunomagnetically labeled; in contrast the undesired ones are magnetically 

labeled and subsequently removed. The choice of the approaches depends on a range of 

factors including the concentrations of the desired cells, the final purity desired, and the 

commercial availability of magnetic reagents as well as the operation convenience.  
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4.3  METHODS 

 

4.3.1  Separation of Peripheral Blood Mononuclear Cells from Whole Blood 

Peripheral blood mononuclear cells (PBMC) were isolated from whole blood over a Ficoll-

Paque density gradient.  Whole blood was diluted 1:1 in RPMI-1640 Dutch Modification 

medium and layered onto the meniscus of 10ml Ficoll-Paque in 50ml plastic tubes (BD 

Falcon), taking care not to break the interface.  This was centrifuged (1900rpm / 30 minutes 

/ 20C) without application of the centrifuge brake.  PBMC were harvested from the Ficoll-

cell interface (Buffy coat) with a Pasteur pipette. 

 

PBMC were washed in complete medium (for subsequent culture) or FACS buffer (for 

immediate antibody labelling), centrifuged (1700rpm / 10min / 20C), decanted of 

supernatant and re-suspended as appropriate.  This washing step was repeated again 

(centrifuged at 1400rpm / 5 minutes / 20C).  Ficoll gradient separation yielded 

approximately 1-2 x106 PBMC per ml of whole blood obtained.  The total number of 

mononuclear cells in suspension was calculated by the Trypan blue exclusion viability count. 

 

4.3.2  Viable Cell Counting 

The Trypan blue dye exclusion method was used to count cells following density gradient 

separation for addition to culture or the Mixed Leucocyte Reaction in appropriate numbers.  

Viable cells exclude the blue dye from their cytoplasm and are recognisable at light 

microscopy.  A known volume of cell suspension (usually 50L) was diluted (1:5) in culture 

medium containing Trypan blue (1:5) and dye-excluding cells counted using an improved 

Neubauer haemocytometer  

 

4.3.3  Isolation of Low-Density Cells from Peripheral Blood Mononuclear Cells 

Low density cells enriched for DC were isolated by culturing PBMC for 24-hours at 4 x 106 

cells per ml (5ml) in T25 (25cm2) plastic flasks (Falcon) containing complete medium (37C in 

a humidified atmosphere of 5% CO2).  Non-adherent cells were removed by gentle agitation 

and aspiration of the suspending media.  Low-density cells (LDC) were then separated from 

the non-adherent cell suspension by density gradient centrifugation over NycoPrep 1.068 at 
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1700rpm for 15 minutes.  LDC were harvested from the NycoPrep interface which was 

enriched for DC at 30-80%. 

 

4.3.4  Preparation and Processing of Intestinal Tissue 

Human intestinal biopsies were obtained at routine colonoscopy or flexible sigmoidoscopy 

(Section 2.2.2).  Biopsies were collected in complete medium with gentamicin (25 g/l) on 

ice.  Mucus and faeces were removed from the tissue sample by suspension in a solution of  

calcium and magnesium free HBSS containing 1mM DDT in a T25 tissue culture flask using 

gentle agitation over 20 minutes.  The epithelial layer was removed using two 30 minute 

washes in 1mM EDTA in calcium and magnesium free HBSS at 37C with gentle agitation in a 

shaker.  The biopsies were rinsed in HBSS between each treatment.   

 

Our laboratory has optimized the walk out technique from mucosal tissue samples in which 

cells, such as DC spontaneously migrate from the tissue sample into the culture media, 

thereby avoiding destructive and prolonged tissue digestion with collagenase (Bell et al., 

2001).  Overnight “walkout” cultures were established following EDTA removal of the 

epithelial layer.  Tissue biopsies were incubated overnight in a humidified incubator at 37C, 

gassed at 5% CO2, in 24-well flat-bottomed plates (Falcon, Becton Dickinson, USA) containing 

1mL complete medium with and without 1,25-OH2D3 at a final concentration of 10-6M.   

Walkout cells from the individual wells of each vitamin D conditioning were pooled after 

separation from the culture medium and remnant biopsy material removed using a cell filter 

(Beckton Dickinson).  Walkout cells were then either labelled with directly conjugated 

antibodies for phenotypic analysis of gut DC or, following isolation of low-density cells over 

a NycoPrep gradient, used to stimulate T-cells in the MLR.  

 

4.3.4  Preparing and Culturing Monocyte-Derived Dendritic Cells (MoDC) 

MoDC were differentiated in culture from CD14+ monocytes isolated by positive selection 

from PBMC using the following protocol. 

 

PBMCs were prepared from peripheral whole blood (50ml) of healthy adult donors over a 

Ficoll gradient.  PBMC were washed twice by suspension in ice cold Mini-MACS buffer and 
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centrifuged (1500rpm / 5 minutes / 40C).  Supernatant was decanted, leaving about 300 l 

of cell suspension in the residual buffer. Thirty microlitres (30L) of CD14+ immunomagnetic 

microbeads (MiltenyiBiotec, Germany) were added to the re-suspended cells and incubated 

on ice for 30 minutes.  Afterwards, the cells were again washed twice in mini-MACS buffer 

as above.  Following decanting of the supernatant, cells were again re-suspended in the 

residual volume of cell buffer.  CD14+ cells were then separated from the PBMC suspension 

by positive selection separation on Mini-MACS columns using the VarioMACS™ Separation 

System (MiltenyiBiotec, Germany).   

 

The Mini-MACS column, magnet was pre-cooled to 40C and assembled as shown.  The mini-

MACS column was flushed through with 2ml of cold mini-MACS and elutent discarded.  

PBMCs in residual buffer were then added to the column followed by 0.5ml of cold mini-

MACS buffer.  This elutent contained cell suspension depleted of CD14+ cells and was 

discarded.  CD14+ cells adherent to the column were washed out by removing the column 

from the magnetic field and adding mini-Macs buffer (1ml).  This was forced through the 

column using the plunger provided.  This elutent contained the purified CD14+ cells 

(monocytes) and was retained. 

 

The CD14+ cell suspension was washed with mini-MACS buffer as above and centrifuged at 

1400rpm / 5 minutes / 40C.  After removing the supernatant, the cells were re-suspended in 

4mls of complete medium and centrifuged at 1500rpm / 5 minutes / 20C.  This was in order 

to wash out EDTA from the cells before the cell culture.  After removing the supernatant, 

the cells were re-suspended in complete medium (1 ml) and a cell count taken in a 

Neubauer’s chamber. 

 

The CD14+ cells were diluted in complete medium and cultured in wells of a 24-well plate at 

a density of 500,000 cells per ml per well.  The final culture medium contained complete 

medium supplemented with 0.1μg/ml Granulocyte macrophage colony stimulating factor 

(GM-CSF, company country) and 50U/ml IL-4 (Company, country).  On day 4 of the cell 

culture, 0.5 ml of medium was carefully removed from the top portion of each well (cells are 

adherent and lay at the bottom of the wells) and replaced with 0.5ml of complete fresh 

medium containing twice the concentrations of GM-CSF and IL-4. Therefore, after mixing 
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the medium in each well, the final cytokine concentration was replenished (GM-CSF: 

0.1g/ml/well, IL-4: 50 U/ml/well).   On day 5, the cells (now monocyte-derived dendritic 

cells, MoDC) were re-suspended in the culture medium by Pasteur pipette. 

 

Basal cell culture was assayed at flow cytometry on day 6 to confirm differentiation of 

monocytes into MoDC, demonstrating loss of surface CD14 expression but positivity for 

HLA-DR.  MoDC were then simply identified according to the FSC:SSC scatterplots (Figure 

4.3). 

 

For stimulation experiments, MoDC were cultured for an additional 24 hours at a 

concentration of 200,000 cells/ml, either in basal culture (internal control of each 

experiment) or after supplementation with 1,25(OH)2D3 (Sigma) at final concentrations of 

10-6M, 10-7M and 10-8M, LPS (1µg/ml) or both LPS (1µg/ml) plus 1,25(OH)2D3 (10-6M). Each 

condition was assayed in at least 3 independent experiments (triplicate).   

 

A)     B) % positivity for CD14% positivity for CD14  

 
Figure 4.3 Identification of MoDC at flow cytometry: A) Viable cell FSC:SSC plot (Gated); b) Gating on viable 

cell population (Gated) reveals cells are MoDC (negative for DC-exclusion cocktail expression CD14 expression). 

 
4.3.5 Monocyte-derived DC Endocytosis Assay    

1mg/ml of FITC-dextran was added to each culture condition for the final two hours of 

culture. Immediately after the addition of FITC-Dextran, half of the labelled cell suspension 

volume (500l) was transferred into a new tube and incubated at 4ºC for two hours, while a 

parallel tube was incubated at 37ºC. Therefore, at physiological temperature MoDC were 

able to phagocyte the FITC-labelled dextran after differential conditioning in the presence of 

1,25(OH)2D3, LPS or basal medium. In contrast, cell metabolism was arrested in those cells 
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incubated at 4ºC; hence these cells were used as an internal negative control of the assay 

during flow cytometry. 

 

After differentiation into MoDC, cells were cultured for 24 hours at a concentration of 

200,000 cells/ml, either in basal culture (internal control of each experiment) or after 

supplementation with 1,25(OH)2D3 at final concentrations of 10-6M, 10-7M and 10-8M, LPS 

(1µg/ml) or both LPS (1µg/ml) plus 1,25(OH)2D3 (10-6M). Each condition was assayed in at 

least 3 independent experiments (each in triplicate).  

 

 

4.3.6  Mixed Leucocyte Reaction 

 

i) Preparation of T-cells for Mixed Leucocyte Reaction 

PBMC were isolated from healthy donor blood (50ml) and suspended in 5ml complete 

medium before counting.  Approximately 2 x 106 were PBMC removed and kept to one side 

on ice.  The remaining PBMC were washed twice by suspension in MiniMACs buffer with 

centrifugation (1400rpm / 5 minutes / 40C).  Supernatant was discarded and PBMC were re-

suspended in the residual buffer (~200L).   

 

T-cells were then separated from the PBMC suspension using negative selection to deplete 

CD19, CD14 and HLA-DR cells (including monocytes, B-lymphoctyes and antigen-presenting 

cells such as macrophages and dendritic cells).  Anti-CD19, anti-CD14 and anti-HLA-DR 

microbeads (30uL each) were added to the cell suspension and incubated on ice for 20 

minutes.  In the meantime, the magnetic cell sorting system (VarioMACS™ Separation 

System - Miltenyi Biotec) was set-up and columns washed through with MiniMACS buffer. 

 

PBMCs incubated with the microbeads were added directly to the column and allowed to 

run through, followed by 4 ml of cold mini-MACS buffer.  This eluent was containing T-cells 

depleted of CD19, CD14 and HLA-DR cells was retained.  In order to increase T-cell purity, a 

new depletion column was set-up and the T-cell eluent run through again, before washing 

twice in cold PBS with centrifugation (1200rpm / 5 minutes / 40C).  Supernatant was 

decanted and the T-cell pellet re-suspended in 3ml PBS. 
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Five microlitres of stock CFSE (100uL) was suspended in 10ml PBS (CFSE1). Three millilitres 

(3ml) of this solution was then diluted in a further 3ml PBS (CFSE2).  This was added to the 

T-cell suspension, mixed and left for 1 minute 30 seconds.  Immediately after this time 

period, the T-cell / CFSE suspension was vigorously mixed by shaking and left for a further 1 

minute 30 seconds.  Foetal calf serum (6ml) was then added to quench free CFSE.  The CFSE-

labelled T-cells were then washed twice by adding complete media and centrifugation 

(1200rpm, 5min).  Supernatant was decanted and the T-cell pellet re-suspended in 1ml of 

complete medium.  A Trypan blue cell count was then performed to determine T-cell 

concentration. 

 

 

ii) Mixed Leucocyte Reaction (MLR) 

DC-rich low density cells from intestinal biopsies or blood were pre-conditioned by culture 

for 24-hours in 5ml polystryrene round-bottom (FACS) tubes (BD FalconTM) containing 400-

500,000 cells in 1ml complete medium with or without 1,25-dihydroxyvitamin D3 (106M).  

Cells were pooled into respective control and vitamin D groups and washed in complete 

medium by centrifugation twice (1400 rpm for 5 minutes). 

 

Graded numbers of pre-conditioned LDC were added at concentrations equating to 0%, 1%, 

2% and 3 % of the T-cell population (4 x 104 T-cells /well) to stimulate CFSE-labelled 

allogenic T-cells in 96-well round-bottom plates made up to 200uL complete medium per 

well and incubated at 37C in a humidified atmosphere of 5% CO2 for 5 days.   

 

Proliferation of T-cells leads to reduced CFSE-fluorescence in dividing cells compared to the 

original non-divided CFSE-labelled T-cell population.  Consequently, homing marker 

expression by a specific proliferating T-cell population, in response to stimulation by pre-

conditioned LDC, could be determined. 

 

4.3.7  Annexin Apoptosis Assay 

Cells undergoing the early phases of apoptosis express phospholipid phosphatidylserine (PS) 

on outer layer of their cell membranes.  Annexin V is a Ca2+ dependent phospholipid-binding 
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protein which has a high affinity for PS.  Annexin can be conjugated with a flurochrome 

(FITC).  Cells in late apoptosis cannot exclude the dye propidium iodide (PI).  These 

properties enable the identification of cells undergoing early and late apoptosis (Vermes et 

al.,1995). 

 

PBMC were diluted in complete medium at 1 x106ml.  PBMC or LDC were then incubated 

with complete medium or complete medium containing 1,25a,25-Dihydroxyvitamin D at 

several concentrations (10-6, 10-8 and 10-10M) for time periods 4, 24 and 48 hours. 

 

Upon completion of culture, cells were washed cells twice in cold PBS with centrifugation 

(1700rpm / 5minutes / 4oC).  Following decanting of supernatant, the cell pellet was re-

suspended in 1x Binding buffer 

One hundred microlitres (100l) of each cell suspension were removed to a series of 5ml 

polystyrene round-bottomed tubes (BD Falcon TM).  Cells were labelled with 5l Annexin V–

FITC and 10l Propidium Iodide per tube as appropriate and incubated for 15 minutes at 

room temperature in the dark.  After incubation, 400uL of 1x binding buffer was added per 

tube.  Samples were then immediately acquired by flow cytometry without online 

compensation. 

 

4.3.8   Identification of Cell Populations and Phenotype 

 

Conjugated Antibody Labelling 

Cell suspensions were washed into FACS buffer before labelling in 5ml polystryrene round-

bottom tubes (BD FalconTM) and placed on ice in the dark for 20 minutes.  To reduce non-

specific antibody binding, 15 L FCS was added to each labelled tube prior to labelling.  Cells 

were then washed twice into FACS buffer (1400 rpm for 5 minutes at 4C). For labelling with 

directly conjugated antibodies, cells were fixed at this point with 1% PFA.  In the absence of 

a directly conjugated antibody, for example there is no APC-labelled CLA conjugate, an 

addition step was required prior to fixation.  For indirect labelling, the cells were first 

incubated with the required biotinylated antibody (CLA-biotin), washed and then re-

incubated with Strepavidin conjugated to the appropriate flurochrome dye (e.g. 

Streptovidin-APC). Unoccupied binding sites were blocked with the addition of 15 L FCS 



132 

 

before adding antibody at each labelling step.  Cells were then washed twice into FACS 

buffer and then fixed in 1% PFA. Fixed cells were stored in the refrigerator prior to 

acquisition on the flow cytometer, within 48 hours.  

 

Flow Cytometry and Data Analysis 

Flow cytometry acquisition  

Flow cytometry allows simultaneous multiparametric analysis of the physical characteristics 

of thousands of cells per second, as they pass through a one or more focused laser beams 

whilst in suspension. As the cells pass through the beams, they disrupt and scatter light in 

two different planes; the degree of scatter in each plane is characteristic of the cells’ size 

(forward scatter/FSC) and granularity (side scatter/SSC). Monoclonal antibodies conjugated 

to fluorescent dyes and attached to cells can be detected by colour specific detectors 

(channels) of the flow cytometer. The machine registers the fluorescence generated as cells 

pass through it, enabling analysis of phenotypic properties of the cells.    

 

Cell data were acquired using a 4-colour FACSCalibur flow cytometer (Becton-Dickinson 

Biosciences) capable of detecting the flurochrome dyes FITC, PE, PECy5 and APC which 

correspond to 4 detector channels for specific wavelengths (FL1,FL2, FL3 and FL4 

respectively).  CellQuest software (Becton-Dickinson) was used for partial online 

compensation prior to cell acquisition, and generation of listmode data files. Total 

compensation and analysis of flow cytometry listmode data was carried out offline using 

WinListTM software (Verity Software House, Maine).  

 

Partial online compensation required the used of 5 compensation tubes containing PBMC 

either unlabelled or single-labelled with flurochrome-conjugated mAb to CD3+ or CD8+ (1 

tube for each flurochrome: FITC, PE, PEy5 and APC). The compensation tube containing 

unlabelled PBMC cell suspension was initially used to set the amperes and voltages on the 

machine, based on the cells’ background or auto-fluorescence.  First the FSC:SSC plot was 

adjusted using the FSC gain and range and SSC voltage to place the cell population of 

interest in the centre of FSC vs SSC dot plot and to eliminate most of the fine subcellular 

debris.   
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Data was acquired partially compensated online during flow cytometer acquisition.  For 

partial online compensation, a region was drawn around the lymphocyte region on the FSC 

versus SSC plot and the cell suspensions labelled with each flurochrome conjugated CD3+ or 

CD8+ mAb were analysed.  Compensation involved adjusting on the flow cytometer so that 

autofluorescence of the unlabelled cells runs in the middle of the first decade on the four 

decade log scale (between 100 and 101 ). This was repeated for all fluorescence parameters 

(FL1, FL2, FL3).  Samples were then acquired and saved as listmode data files.  

 

 

A)  B)  C)  

D)  E)  F)  

 

Figure 4.4 CellQuest screenshots of FSC:SSC plot during Data Acquisition Plot set-up: A) Correctly set scatter 

plot showing lymphocyte region (arrow), B) SSC too low and C) FSC too low. CellQuest screen shots during 

partial compensation of FL1 using FITC-CD8
+
 labelled lymphocytes prior to data acquisition: D) Correctly 

compensated,showing background autofluorescence (white arrow) and fluorescence due to FITC antibody 

labelling, E) Under Compensated and F) Over Compensated. 
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Winlist Analysis 

i) Completion of compensation 

Compensation was completed offline using compensation toolbox on the WinListTM 

software program, using lymphocyte populations labelled with mAbs specific for T-cells. 

Each individual experiment had specific compensation settings, saved as compensation files.  

 

Additional offline compensation of acquired data was necessary to remove artefact arising 

as a result of background cellular fluorescence and “spill-over” of fluorochrome 

fluorescence in the the 2nd log across the different channel wavelengths, particularly 

between neighbouring fluorochrome channels i.e. PE(FL2) needed to be compensated from 

FITC(FL1) and PE-Cy5(FL3). 

 

 

 

Compensation involved drawing a region around the recognised lymphocyte population of 

the FSC versus SSC histogram plot.  Single-colour cell samples labelled only with either anti-

CD8 or anti-CD3 were evaluated for each colour channel (FL1 - 4). 

 

 

a) b) c)  

Figure 4.5  Winlist offline compensation - PE fluorescence in channel FL2:  PE-CD8+ mAb labelled lymphocytes 

show the PE signal fluoresces a) mostly in the FL2 channel, but bleeds over into the 2
nd

 log decade (>10
1
) of the 

FL3 channel, b) Correction of compensation parameter and c) Correct and  complete compensation with 

minimal spill over.    
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Annexin V apoptosis assay data was acquired without the use of compensation tubes 

compensation with voltages adjusted to keep Annexin and PI fluorescence within histogram 

limits. 

 

ii) Gating and Subtraction of Isotype Control 

a) Region Method of Subtraction (RMS) 

The percentage of cells expressing a given surface marker was measured by determining the 

proportion of flurochrome-conjugated mAb stained cells demonstrating increased 

fluorescence beyond that due to staining with an isotype matched control antibody.  

Measurement of this difference in fluorescence can be achieved by 2 distinct methods 

during Winlist analysis: 1) Region gating and 2) Enhanced normalised subtraction.  

 

A region is drawn that excludes irrelevant, isotype matched control mAb or non specific 

staining (Figure 4.6a). All cell events that fall within this region exceed isotype control 

staining fluorescent intensity and are regarded as positively labelled cells. Hence, in the cell 

sample labelled with the mAb of interest, any fluorescence detected within this region 

(beyond the distribution of the isotype staining) is a positively labelled cell (Figure 4.6b).  

The WinListTM software calculates the proportion of cells in any given region relative to that 

of the cell population on which it is gated. In this manner, regions can be drawn on single 

parameter histograms representing positive and negative cell populations, e.g. CD11c+ and 

CD11c- DC, for putative mDC and pDC populations respectively.  When using the region 

gating method, the level of staining was quantified as the mean fluorescence intensity 

(MFI). 

  

This method discounts all events that fall within the distribution of the control histogram; 

more accurately delineates cell subpopulations based on surface antigen expression; and 

reduces impact of differences in fluorochrome (antibody binding and free fluorochrome 

variation between batches of antibody).  However, in my experience the region method is 

particularly dependent on a “clean isotype” control histogram, less likely in when comparing 

small numbers of cells (e.g. DC) and prone to underestimating the true proportion of 

positively labelled cells when there is significant overlap of the isotype control and test 

antibody histograms by removing “low positive” cells from the analysis.   
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Figure 4.6: Cell surface labelling by region gating.  A region in drawn that excludes non-specific staining or 

isotype matched control monoclonal antibody staining. The same region is applied to the phenotype staining 

histogram (B). All events that fall within this region and exceed isotype control staining was calculated by 

WinList and regarded as positively labelled cells. This method was used in the generation of all percentage 

positive cells data for phenotypic analysis as it more accurately delineates subpopulations based upon surface 

antigen expression. 

 

b) Super-enhanced Dmax (SED) normalised subtraction  

WinListTM is able to subtract the normal cumulative histogram for isotype control staining 

from a histogram of staining with a test antibody using the super-enhanced Dmax (SEDmax) 

normalised subtraction (Figure 4.7). In this case the level of staining for surface markers was 

expressed as an intensity ratio (IR) representing the ratio of median value of positive events 

in the test histogram to the median value of staining with an isotype-matched control 

antibody (Bagwell 1996; Panoskaltsis et al.,2003). The subtraction technique allows a more 

accurate calculation of the proportion positively labelled cells especially when events are 

low or when the “positive region”of the test histogram overlaps with the isotype control.  

This is particularly an issue when positive fluorescence is low such as the very low 

production of intracellular cytokines or in the small DC populations.  

   

 

Consequently, the SEDmax method was used in preference for single parameter analyses e.g. 

Cell surface marker expression.  However, as SEDmax is very sensitive to deviations of the 

isotype histogram, there is a risk of “false positives”; therefore the region gating method 

was considered for single parameter analysis when staining using SEDmax resulted in a low IR 

<2 and a D-value of <12.  For multiple parameter analysis, positive and negative “gates” 

were set up, determined by reference to staining with isotype-matched control antibodies. 
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Figure 4.7 Positive Intensity Ratio of 7 integrin expression by A) Myeloid and B) Plasmacytoid Dendritic 

Cells. a) Isotype control representing the non specific staining with an isotype-specific matched control 

monoclonal antibody without specificity. b) Test antibody representing specific labeling for 7 combined with 

an element of non-specific background staining. c) Using SEDmax, WinList software generates positive intensity 

ratio (PIR) after subtracting the non-specific binding component from the phenotype labelling histogram. The 

median channel of fluorescence and distribution of each histogram is compared and proportion of positive 

events calculated (Shaded areas - Figures c). This is the ratio of linearised fluorescence median of only positive 

events after subtraction to the linearised control median. The PIR ratio compare relative intensities of positive 

events in test samples (b) compared with all events in control distributions (a). In the p-DC histogram in 

particular, the region gates R6/16 can be seen to exclude a significant proportion of positivity in the SEDmax 

histogram due to overlap of the isotype and control histogram, resulting in underestimation of positivity.  

 

 

 

Dmax 91.11    % Positive (SED) 95.59%   PIR   13.03 

Dmax  46.53     % Positive (SED)  72.54%   PIR  3.70 
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4.3.9  Electron Microscopy 

DC-riched low density cells or monocyte-derived DC incubated with vitamin D or control 

medium alone were fixed in 3% glutaraldehyde in 0.1M sodium phosphate buffer for 12 

hours at 4C (minimum 2x105 cells).  Cells were washed into 0.1M pH 7.4 sodium phosphate 

buffer and embedded as a pellet, following centrifugation, in low gelling temperature 

agarose (Sigma).  Cells were washed twice with the buffer and fixed in 1% osmium tetroxide 

in 0.1% pH 7.4 sodium phosphate buffer for 1 hour.  After washing with water to remove 

the sodium phosphate and keeping in water overnight, cells were block stained in 2% uranyl 

acetate for 2 – 4 hours. 

 

Following washing with distilled water and dehydration using an acetone gradient, cells 

were infiltrated with araldite resin.  After at least 2 changes of araldite over 4 to 8 hours, 

cells were embedded in araldite resin and cured for 18 hours at 65C.  Blocks were 

sectioned using a Reichert-Jung Ultracut E microtome.  Ultrathin sections (100nm thick) 

were collected on 200 mesh copper grids and stained with Reynold’s lead citrate and carbon 

coated.  Grids of sections were viewed using a Jeol JEM-1200 EX electron microscope. 

 

4.3.10  Statistical Analysis 

The student t-test was frequently used in statistical analysis.  The unpaired t-test was used 

to compared 2 different groups (e.g. male and female IBD patient vitamin D levels).  A 

paired, two-tailed t-test was used to determine statistical significance when analysing 

samples from the same subject exposed to different experimental conditions.  For example, 

LDC derived from the same donor sample and exposed to control or vitamin D conditions in 

culture were compared using the 2-tailed T-test. 

 

Other statistical analysis were performed as appropriate, including the 2-way analysis of 

variance (ANOVA) with Bonferroni correction (corrects for a potential type 1 error based on 

n-number) when comparing more than a 2 groups of data.  The Pearson correlation was 

used for correlative data.  P<0.05 was considered statistically significant (data marked *) 

whilst p<0.001 was highly significant (data marked***).  Software programmes utilised 

included Microsoft ExcelTM and Prism GraphPadTM. 
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Abstract 
 

Introduction: Vitamin D possesses a wide range of immunomodulatory properties. 

Epidemiological and experimental evidence implicates Vitamin D insufficiency in the risk of 

developing IBD. Expert consensus suggests vitamin D insufficiency exists at serum 25-OHD 

levels <50 nmol/L.  Optimal immunomodulatory 25-OHD levels are unknown, but are likely 

>75 nmol/L.  

 

Aim: To determine vitamin D status in Crohn’s Disease (CD) patients and associations with 

patient and disease characteristics.  

 

Methods: Prospective data was collected on CD outpatients (n=215) in a tertiary IBD centre 

(UK) over November-April and May–October for 2 years (2008 and 2009). Clinical disease 

activity was determined by the attending physician as active or in remission, based on 

clinical disease activity indices and clinical judgement.  

 

Results: Mean serum 25-OHD did not differ significantly with sex or age. There was no 

statistical difference in mean annual serum 25-OHD between Caucasian and Asian-Indian 

ethnic groups, although significance was achieved over the November-April period, in which 

more Asian-Indians (42.9%) than Caucasians (15.1%) fell into the deficient range (<25 

nmol/L). 

 

Seasonal variation in 25-OHD significantly differed between Nov-Apr and May-Oct (55.75 

and 82.5 nmol/L respectively; p<0.001) in keeping with preceding seasonal UV levels.  Half 

(53%) of CD patients achieved a proposed minimal optimal 25-OHD (>75 nmol/L) in lighter 

months (May to October).  This fell to 28% in the darker months (November to April), in 

which 51% were insufficient in 25-OHD (<50nmol/L), including nearly half (22%) within the 

deficient range (<25nmol/L). 

 

Mean 25-OHD differed significantly between clinically active disease and remission based on 

a physician’s rating (p<0.04) and correlated inversely (p=0.04) with the Harvey Bradshaw 

Index. Disease duration, distribution, history of recent (<2yrs) or current flare-up and 

previous surgical resection did not significantly influence serum 25-OHD status.  There was 

no difference between patients on 5-ASA alone and immunosuppressive and/or biological 

therapies.  
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Discussion: Vitamin D insufficiency is common in CD patients, particularly in November-April 

when half fall into the insufficient range and few achieve the proposed consensus optimal 

25-OHD (>75 nmol/L).   An immunomodulatory benefit from Vitamin D was supported by a 

significant inverse relationship with disease activity when based on a physician’s rating and 

the Harvey Bradshaw index of activity.   

 

This data and other emerging evidence increasingly support the merit of measuring and 

optimizing Vitamin D status in patients with CD.  Optimal immunomodulatory serum 25-

OHD concentrations are not known. 
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Chapter 5 
 
Vitamin D Status and Associated Disease Phenotype and Activity in Patients with Crohn’s 
Disease 

 
5.1 Background 

There is emerging evidence suggesting Vitamin D possesses a wide range of 

immunomodulatory properties with potential therapeutic applications in both autoimmune 

disease and IBD.  In keeping with these findings, there is increasing epidemiological data 

which implicates Vitamin D in the aetiology and pathogenesis of IBD. 

 

5.1.1  Epidemiology of vitamin D in IBD 

A high prevalence of Vitamin D deficiency has long been known to exist in patients with 

both newly diagnosed and established UC and CD (Driscoll et al,.1982;  Harries et al.,1985;  

Andreassen  et al.,1997,1998;  Schoon et al.,2000;  Lee et al.,2000;  Lamb et al.,2002).  In 

one series of IBD patients (n=101) from the Manitoba IBD cohort in Canada (Leslie et 

al.,2008), only 21.8% of recently diagnosed (median <4 years) IBD patients had an expert 

consensus “optimal” serum 25-hydroxyvitamin D (25-OHD) level >75 nmol/l (Zittermann 

2003; Vieth 2004). 

 

There is increasing epidemiological evidence which suggests that Vitamin D, largely through 

sunlight exposure, is an environmental factor which may affect risk of IBD, as well as several 

autoimmune diseases (Chapter 3).  IBD patients may also be prone to seasonal fluctuations 

in Vitamin D status (Vogelsang et al.,1989), as of course are healthy individuals (Hyppönen et 

al.,2007).  Interestingly, both several colleagues and myself, report anecdotal accounts of 

CD patients demonstrating a symptomatic improvement during and following a vacation to 

a sunnier climate.  Nevertheless, a seasonal pattern is not consistently reported in the 

literature.   

 

Although  Vitamin D deficiency is well recognised in IBD, studies have largely focussed on 

the relationship with bone disease, not associations with IBD activity and phenotype.  

Osteopenia (low bone mineral density) is particularly common in CD and although 

associated Vitamin D deficiency is thought to be an important risk factor (Bernstein et 

al.,2005; Abu-Amer et al.,2000; Gilbert et al.,2000; Azuma et al.,2000), many other factors 

are likely to contribute.  For example, TNF- has been implicated in bone disease associated 
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with systemic inflammation.  This pro-inflammatory cytokine drives the osteoprotegerin 

cytokine system affecting osteoclast activity and bone resorption, an effect exacerbated by 

the therapeutic use of corticosteroid (Buchman 2003).  The use of anti-TNF- biological 

agents (e.g. Infliximab) has been reported to improve bone status, presumably on this basis 

(Franchimont et al.,2004; Ryan et al.,2004).  However, this observation was not confirmed 

when we compared bone density scan data in a small cohort (n=33) of CD patients on either 

Infliximab+/-Azathioprine (n=43) or Azathioprine alone (T-scores -0.41±1.64 vs. -0.42±1.35; 

p=0.9 respectively)(Iacucci, Milestone et al.,2009 (Abstract). 

 

5.1.2  Factors influencing Vitamin D status in IBD 

Factors contributing to underlying Vitamin D deficiency in IBD are likely to be multi-factorial.  

These factors may include malabsorption, malnutrition, therapeutic interventions (e.g. bile 

salt binding agents for diarrhoea associated with bile-salt malabsorption), and patient 

behaviour / lifestyle. 

 

The direct effects of active intestinal inflammation on Vitamin D absorption and metabolism 

are unclear.  However, previous studies have demonstrated reduced intestinal absorption of 

Vitamin D in patients with both quiescent CD and previous intestinal resection, in which the 

degree of malabsorption reflects the extent of resection.  Even in subjects with limited ileal 

resections, intestinal Vitamin D absorption was reduced by approximately one-third 

(Leichtmann et al.,1991).   In a small cohort of CD patients, 85% (11/13) with Vitamin D 

deficiency 50 nmol/L showed evidence of Vitamin D malabsorption (Dendrinos et al.,2007).  

This was based on failure to achieve an expected change in a serum D2 level (increase of 

85.7530 nmol/L) 12 hours after ingestion of 50,000 IU of Vitamin D2 which was considered 

normal absorption (Lo et al.,1985)  

 

Active inflammation in IBD is also often associated with low serum albumins due to chronic 

poor nutrition, malabsorption, and the presence of an overall catabolic state.  Active 

intestinal inflammation may also be associated with a protein-losing enteropathy, which 

itself may indirectly account for lower levels of serum  Vitamin D (Beeken et al.,1972), 

particularly since 99% of 25-OHD is bound to plasma protein, of which ~90% is bound to the 

Vitamin D-binding protein (VDBP) (Sinotte et al.,2009, Bikle et al.,1985, 1986). 
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In summary, there is increasing epidemiological data which implicates Vitamin D in the 

pathogenesis of IBD. 

 

 

 

 

5.2  Hypothesis   

CD is a chronic inflammatory disorder that can affect any part of the gastrointestinal tract, 

often associated with a number of intestinal and extra-intestinal complications.  The natural 

history of CD is often characterised by recurrent flare-ups alternating with periods of 

remission.  

 

We hypothesised that patients with CD have sub-optimal serum 25-OHD levels (<75nmol/L), 

which correlate with disease activity and phenotype, including disease activity indices, 

history of previous surgical resection and escalating treatment requirements. 
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5.3  Methods 

A database was developed and implemented for IBD patients attending the tertiary referral 

outpatient clinic at St. Mark’s Hospital, Harrow, Middlesex, UK  (51°35'N) between January 

2007 and September 2009  

 

5.3.1 Phenotypic Data Collection  

Retrospective and current patient data was collated from clinical records and encounters 

including individual demographics, disease phenotype based on the Montreal classification 

(Satsangi et al.,2006), disease activity using the Harvey Bradshaw clinical activity index 

(Harvey and Bradshaw, 1980), history of relapse, surgical interventions and medication 

history. Patient serum 25-OHD was determined using an established liquid chromatography 

mass spectroscopy method, subject to validation in the Vitamin D External Quality 

Assessment Scheme (DEQAS), conducted by technicians in the hospital’s clinical laboratory. 

 

A Microsoft Excel spread sheet containing this phenotypic data was created for individual 

patients and included: 

 

1. Patient Demographical Data: Age, Sex, Ethnicity; 

2. Details of disease behaviour and activity; 

- Age of diagnosis; 

- Distribution of Disease (Montreal classification);  

- Behaviour: Luminal, Stricturing or Perianal disease;  

- Surgical History; 

- Date and details of Last Relapse;   

3. Serum 25-OHD level; 

4. Current Management Plan; 

5. Latest endoscopic and radiological reports. 

 

In order to increase data collection across several outpatient clinics, physicians (Specialist 

Registrars and Consultants in Gastroenterology) were asked to assist in data collection by 

completing database forms (Appendix) during patient assessment in the outpatient clinic.  
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Physicians were instructed in the completion of data collection forms and the use of the 

Harvey Bradshaw Index. 

 

5.3.2 Phenotypic Classification of CD: Montreal Classification and Harvey Bradshaw 

Index 

In order to understand epidemiological influences, a concise definition of IBD must exist. 

Unfortunately, CD is a dynamic disease, in which disease location and behaviour (non-

stricturing, structuring, fistualising disease) often changes with time.  Unlike the relatively 

simple classification of UC, the classification of CD is quite complex, and a lack of consistent 

definitions of disease location and behaviour with significant inter- and intra-observer 

variability, has lead to the development of the Montreal Classification (Silverberg et 

al.,2005; Satsangi et al.,2006)(Appendix).   

 

The Crohn’s Disease Activity Index (CDAI) is largely a research tool used to quantify the 

symptoms experienced by patients with CD.  The CDAI is considered to be the gold standard 

for assessing disease activity in CD (Best et al., 1976), although validation of the index has 

been varied (Jørgensen et al.,2005).  A key criticism of the CDAI is that it ideally requires a 

diary record of the prior 7 days of symptoms and requires complex calculations, biochemical 

and physical measurements (height / weight) which are prohibitive and not readily available 

in a busy clinical outpatient setting.  Furthermore, it does not incorporate a subjective 

assessment of quality of life, endoscopic factors, or specific systemic features, such as 

fatigue into its calculation. Nevertheless, the CDAI is of particular importance in clinical 

intervention research studies (e.g. pharmaceutical drug trials) in order to define response or 

remission of disease. 

 

The Harvey Bradshaw Index was devised as a simpler version of the CDAI for data collection 

purposes and consists of only 5 simple clinical parameters (Harvey and Bradshaw, 

1980)(Appendix). The HBI correlates well with the CDAI (r = 0.93 , p < 0.001).  Hence, as with 

many other clinical research studies, the HBI was adopted as the preferred clinical index in 

this study. Patients with CD who scored 3 or less on the HBI were very likely to be in 

remission according to the CDAI.  Patients who scored 6-7 or more on the HBI were likely to 

be in relapse or demonstrating active inflammation. 
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However, the demands of a busy teritary clinic was noted to adversely affect completeness 

of data collection.  As a result, in order to maximise data collection, an additional parameter 

was added as a compromise.  The“Physician’s Rating of Disease Activity” (Active / 

Remission) took into account available data derived from the patient during physician 

assessment and any available endoscopic or radiographic evidence of disease (within the 

last 3 months where available) based upon which the individual physician used their clinical 

judgement to determine the presence of active disease or remission.  Although, this was not 

a validated activity index, it encorporated several aspects of disease activity and the 

judgement of experienced tertiary specialist physicians.  This is similar in principle to the 

Physician’s Global Rating, a component of the Mayo Score for ulcerative colitis. In retrospect 

this perhaps could have included a similar scale as in the Mayo Score (e.g. Normal 0, Mild 1, 

Moderate 2 or Severe 3) rather than simply Active / Remission. 

 

In support of this decision, physician global assessments have been recognised to correlate 

higher with all constructs of disease activity than a patient's own assessment.  For example, 

even with abdominal pain, a subjective item, the physician's rating has a higher correlation 

with disease than the patient's rating.  Hence, for indirect measurement of biological activity 

on the basis of symptoms and signs, clinician assessments are superior to those of patients 

(Turner et al.,2010).  
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5.4  Results 

A total of 211 of 283 CD patient datasheets were returned adequately complete with a 

concurrent total serum 25-OHD level.  In this cohort, 37 patients were confirmed to be 

receiving vitamin D supplementation and were not included in further analysis, due to the 

likely effect on serum 25-OHD.  Unfortunately, a matched control group (e.g. Irritable Bowel 

Syndrome patients or Healthy Volunteers) was not possible due to funding restriction and 

non-routine vitamin D assays in our institution.  A complete description of all patient 

characteristics within the Crohn’s Disease cohort was not avaliable in a presentable format 

at the time of thesis submission. 

 

5.4.1  Seasonal Variation in Vitamin D levels 

Patients attending outpatients were grouped into two time periods: Winter-Spring 

(November to April inclusive) and Summer-Autumn (May to October inclusive).   Selection of 

these time periods was based on observations at our regional latitude (London 51N) at 

which there is inadequate UV exposure for significant cutaneous production of Vitamin D3 

between mid-October to mid-March (Webb and Holick, 1988).  A large majority of patients 

lived within +/- 1 latitude of London, an area within which UV levels did not significantly 

differ (DEFRA, UK). 

 

In the absence of a control group of patients, these time periods allowed some parallels to 

be drawn upon comparison with the prevalence of hypovitaminosis D in a Caucasian British 

population cohort (45 years old, n=7435) which used similar seasonal seasonal periods, 

albeit over a different year (Hyppönen et al.,2007).  The median age of CD patient in our 

cohort was 41 (range 21 – 83 years old, n= 174).  

 

This data included measurements from patients who attended clinic on more than one 

occasion. (n = 172, 25-OHD measurements = 229).   

 

Mean patient serum 25-OHD mimicked the pattern of maximum daily UV value index 

over the same period, albeit with a lag time of about 1 month, presumably reflecting 

time to build up serum 25-OHD3 from cutaneous production (Figure 5.1).  Maximum 

serum 25-OHD overlaps that of the UV index until October, when UV exposure is 
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inadequate in the UK to generate cutaneous production of Vitamin D3 until the 

folllowing spring (March) (Zittermann et al.,2003; Holick 1994). This was followed by 

maintenance of serum 25-OHD levels into November, which is likely to reflect the long 

half-life of serum 25-OHD3, reported to be ~1 month (Clements et al.,1992).  However, 

based on measurements in submariners this could be as long as 2 months (Preece et 

al.,1975; Dlugos et al.,1995).  

 

 

 

 

 

 

 

 

 

                            

 

 

Figure 5.1  Correlation of Serum 25-OHD levels in Crohn’s Disease patients and the Maximum Daily UV value 

index UK 2008-2009 (Latitude 51N) (Source: Department of Environment, Food and Rural Affairs - DEFRA UK). 

 

Mean total serum 25-OHD levels also demonstrated a significant difference  (unpaired t-

test, p<0.001) between the time periods November to April and May to Oct over a 2 year 
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period.  This again reflects the production of cutaneous vitamin D3 in response to UV 

exposure (Figure 5.2). 

 

 

Figure 5.2  Mean Serum 25-OHD levels and Time of Year in Crohn’s Disease patients. Histogram shows 

variation in mean serum 25-OHD levels over 2 periods within the year (November-April and May-October).  

Bars show standard error of the mean (MeanSEM). 

 

5.4.2. Vitamin D status in Crohn’s Disease 

 

 

 

 

 

 

 

 

 

November - April    May - October 

 

Figure 5.3 Total serum 25-OHD concentrations in Crohn’s Disease patients.  Histograms show the percentage 

(%) of CD patients achieving serum 25-OHD concentrations <25, 24-49, 50-74, 75-99 and >100 nmol/L during 

“Winter” (November to April) and “Summer” (May to October).  

 

Half of CD patients (53%) fell within the proposed optimal target range for serum 25-OHD 

(>75 nmol/L) during the “lighter” months (May to October).  In the “darker” months 
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(November to April), only 28% achieved >75nmol/L (Figure 5.3).  The lower limit of optimal 

25-OHD (>75nmol/L), was based on serum 25-OHD levels associated with PTH suppression 

and expert consensus opinion. 

 

In the “Winter-Spring” months, 51% of CD patients were insufficient (<50nmol/L) in 25-OHD, 

of which nearly half (22%) were within the deficient range (<25nmol/L).  This parameter 

improved in the “Summer-Autumn” months (May to October) to 18% and 3% respectively. 

 

 

5.4.3  Effect of Vitamin D Supplementation on Serum 25-OHD Status 

 

Figure 5.4  Effect of Vitamin D supplements on 25-OHD Status in Crohn’s Disease.  Data shows comparsion of 

mean serum 25-OHD in CD patients (n=37)  with / without Vitamin D supplementation  (Mean  SEM). 

 

A comparsion of mean serum 25-OHD in CD patients receiving Vitamin D supplementation 

(figure 5.4),  in the form of calcium carbonate (1g) / colecalciferol (800iU) per day, 

demonstrated that Vitamin D  supplementation, even in an oral form, statistically increases 

serum 25-OHD levels in both seasons, maintaining (November to April) levels above that of 

unsupplemented “summer” (May to October) levels (p= <0.001).  No supplemented patients 

achieved serum 25-OHD levels in a potentially toxic range >250nmol/L. 

 

 

 

 

 

 

 

 

P <0.001 

P <0.001 



153 

 

5.4.4  Patient Demographics Serum 25-OHD Status 

a) Gender  

 

 

Figure 5.5  Gender and Vitamin D Status in Crohn’s Disease patients  Serum 25-OHD levels did not 

significantly differ between the genders (p=ns).  The genders were equally distributed of gender across the 

seasons. 

 

A comparsion of serum 25-OHD status with gender did not demonstrate significant 

differences(p=ns) between male (n=76) or female patients (n=93)(Figure 5.5).  The range of 

serum 25-OHD were 8-148 and  6-142 nmol/L respectively. 

 

b) Ethnicity 

Vitamin D status was assessed in CD patients across the 3 main ethnic groups; Caucasian, 

Asian-Indian and AfroCarribean. 

  
 

Figure 5.6 (a+b): Seasonal Vitamin D status in Crohn’s Disease patients by Ethnicity.  a) Caucasian: Winter-

Spring mean serum 25-OHD = 58 nmol/L (median 57,  range 15-117).  Summer-Autumn mean serum 25-OHD = 

82 nmol/L (median 80, range 21 -148, unpaired t-test  p<0.0001). b) Asian-Indian: Winter-Spring mean serum 

25-OHD = 44.5 nmol/L (median 41,  range 6-96).  Summer-Autumn mean serum 25-OHD = 77.86 nmol/L 

(median 74, range 20 -148, unpaired t-test  p<0.0039). 

 

p=ns 
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In both Caucasian and Asian-Indian CD patients there was a significant difference in seasonal 

25-OHD levels (Figure 5.6 a+b).  Data on Afro-Caribbean patients was limited (n=5), however 

both patients assessed during Winter-Spring period were markedly deficient (9 – 17 nmol/L) 

and another 3 patients in Summer-Autumn fell within the insufficent range (26-49nmol/L). 

 

 

Figure 5.7 Comparison of Annual Seasonal Vitamin D status in Caucasian and Asian-Indian Crohn’s Disease 

patients   There were no significant differences between ethnicity across seasonal or annual 25-OHD 

levels(p=0.3388, unpaired t-test).  

 

 

 

Although there were no statistical differences in overall vitamin D status between Caucasian 

and Asian-Indian CD patients (Figure 5.7) there were apparent differences in patients falling 

within specific serum 25-OHD ranges with more Asian-Indian patients falling below 

<25nmol/L (deficient) and fewer achieving levels >75nmol/L (minimum consensus optimum) 

compared to the Caucasian cohort (Table 5.1).  Statistical analysis of combined annual 

serum 25-OHD demonstrated near statistical significance between ethnicities achieved 

<25nmol/L and >75nmol/L (Fisher’s exact test, one tailed, p=0.052).  Analysis of seasonal 

differences revealed no differences between the ethnic groups in Summer-Autumn, 

however significance was demonstrated for Winter-Spring (Fisher’s exact test, one tailed, p 

0.0334). 

 

 

 

 

p = ns 
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Ethnic Group Season Serum 25-OHD (nmol/L) n 

> 75nmol/L < 50 nmol/L < 25nmol/L 

Caucasian Winter 32.1% 41.5% 15.1% 53 

Summer 64.4% 12.3% 2.7% 73 

Annual 50.8% 24.6% 7.9% 126 

Asian Winter 28.6% 57.1% 42.9% 14 

Summer 48.3% 17.2% 6.9% 29 

Annual 41.9% 30.2% 18.6% 43 

 

Table 5.1 Proportion of patients by ethnicity achieving optimum (>75nmol/L), insufficient (<50nmol/L) and 

deficient (<25nmol/L) serum 25-OHD levels.  

 

 

c) Age and Serum 25-OHD Status  

a)       

 b)

Age and Median Annual Serum 25-OHD
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Figure 5.8: Variation of a) mean and b) median annual serum 25OHD with age in Crohn’s Disease patients 

(Mean  SEM). 

 

Median age of all CD patient in our cohort was 41 (range 21 – 83 years old, n= 174.  

Although there was an apparent variation in serum 25-OHD with age, this did not reach 

statistical significance (Figure 5.8), reflecting either no real difference or an inability to make 
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a statistically significant conclusions regarding a correlation between age and serum 25-OHD 

levels due to the overall size of the CD cohort.  This data also does not take into 

consideration other characteristics of each groups, such as ethnicity, disease distribution 

and activity. 

 

Nevertheless, there was an overall apparent non-statistically significant trend for serum 25-

OHD to decrease with increasing age, particularly between the ages of 31 and 60).  The 

observation of a peak in annual and seasonal serum Vitamin D in the 61-70 year old group 

may reflect an error arising from low patient numbers in this age group (n=12).  Alternative 

explanations include failure to  declare  the use of Vitamin D supplements, leading to an 

individual in a small group with a supplemented high serum Vitamin D, thereby skewing the 

mean result.  However, a similar profile was also observed using median data and across the 

May-October / November-April time periods (Figure 5.8b).  

 

5.4.5  Age and Onset of IBD Diagnosis 

a)  b)  

 

Figure 5.9  Age of patient at Diagnosis of Crohn’s Disease. Data based on a) The Montreal Classification and, 

b) a Distribution of patients based on age of disease diagnosis (years).   

 

Our data showing age of CD diagnosis demonstrates the majority of patients at our 

institution were diagnosed between the ages of 12 and 31 years old, peaking between 20 

and 22 years old (Figure 5.9 a+b).  Sixty seven percent of patients corresponded to the A2 

(17-40 years old) Montrel Classification of age at disease onset.  There was no convincing 

second peak in age of diagnosis in later life, although in a much larger cohort of patients this 

may become evident. 
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5.4.6  Vitamin D Status and Crohn’s Disease characteristics 

 

a) Vitamin D Status and Disease Distribution 

 

 

 

Figure 5.10  Serum Vitamin D status and distribution of luminal Crohn’s Disease. Histogram shows the 

association between anatomical distribution of CD (Montreal Classification) and serum 25-OHD levels in 

Caucasian patients.  L1 - Ileal disease (n=36), L2 – Colonic (n=28) and L3 – Ileocolonic (n=50).  No statistically 

signficant differences were demonstrated (p=ns). 

 

 

There was no significant association (p=ns) between the anatomical distribution of disease 

and serum 25-OHD in all seasonal periods (Figure 5.10).  

 

b) Vitamin D Status and Phenotype of Disease Behaviour  

 

  

 

Figure  5.11 Vitamin D status and Crohn’s Disease behaviour.  Data shows a comparisions of serum 25-OHD 

levels with non-stricturing (B1), stricturing (B2) and fistulating/penetrating (B3) disease types (p=ns). 

 

Serum 25-OHD levels did not significantly differ between non-stricturing (n= 84), stricturing 

(n=57) and fistulising / penetrating (n=47) disease phenotypes (p=ns). 

p = ns 

p = ns 



158 

 

c) Assessment of Disease Activity  and Associated Serum 25-OHD Levels 

 

a)  

b)  

 

Figure 5.12 (a+b) Serum 25-OHD status correlates with disease activity assessments in Crohn’s Disease.  Data 

based on a) “Physician’s Rating of Disease Activity”  (p<0.04, t-test, mean  SEM) and b) Harvey Bradshaw 

Index (p=0.04, Pearson´s r= - 0.1924). 

 

There was a statistically lower serum 25-OHD in CD patients determined to have active 

disease (Figure 5.12 a) when applying the “Physician’s Rating of Disease Activity” (p<0.04, t-

test). Furthermore, application of the Harvey Bradshaw disease activity index also 

demonstrated a significant correlation with serum 25-OHD (Figure 5.12 b). A HBI score of 6 

is accepted as suggestive of active disease associated with clinical disease activity rather 

than clinical remission.  There was no apparent difference between time of year and the 

proportion of “active” patients seen. 

 

 

 

p <0.04 

p = 0.04 
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d) Therapeutic Intervention and Serum 25-OHD 

 

 
 

Figure 5.13 Annual mean serum 25-OHD levels and associated used of Crohn’s Disease specific medication. 

5-ASA, 5-aminosalicylates only; AZA+ Immunomodulator (Thiopurine or Methotrexate); TNF anti-TNF 

therapy,  Steroids Corticosteroids  (Mean  SEM).  

 

There were no significant difference (p=ns) between serum 25-OHD levels in patients 

receiving specific classes of drug treatment (Figure 5.13). 

 

e) Surgical History and Vitamin D Status 

    

 

Figure 5.14   Association of Vitamin D status and Previous Surgical Resection in Crohn’s Disease.  a) Data 

shown for Caucasian patients with previous history of all CD related surgical resection. (No surgery n= 49,  

Surgical Resection n = 66 ).  b) Vitamin D status and anatomical location of previous surgical resection. 

Colectomy (total / subtotal colectomy), R.hemi (limited R. hemicolectomy involving a minimal segment of 

terminal ileum), Ileal (small bowel (ileal) resection of unspecified length). There was no statistical difference in 

the annual serum 25-OHD level (p=ns) and resection segments  (Mean  SEM).   

 

n =16            n= 25             n=13 

p = ns 
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These data shows no statistical differences (p=ns) in Caucasian CD patients with a previous 

history of a specific Crohn’s-related bowel resections and associated annual serum mean 25-

OHD (Figure 5.14).  Parameters such as length of resection were not available and hence are 

not considered. No patients had short bowel syndrome (defined as any disease, traumatic 

injury, vascular accident which leaves less than 200cm of viable small bowel or results in a 

loss of 50% or more of the small intestine) (Nightingale & Woodward, 2006). 
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5.5  Discussion 

There is increasing epidemiological data, suggesting an association between Vitamin D and 

risk of IBD.   Vitamin D has immunomodulatory actions on immune processes implicated in 

the pathogenesis of IBD, both at the innate and adaptive level in vitro and in animal models.  

However, optimal serum levels of 25-OHD for immunomodulation in humans is not yet 

known and the association with disease activity and phenotype unclear. 

 

5.5.1 Incidence of Vitamin D insufficiency in Crohn’s Disease 

Adult Vitamin D insufficiency is endemic.  We have previously commented on the 

prevalence of hypovitaminosis D amongst even the general Caucasian British population 

(n=7400), which is highest during the winter and spring, when serum 25-OHD 

concentrations <25 (deficient), <40 (insufficient) and <75 nmol/L were found in 15.5%, 

46.6%, and 87.1% respectively.  In comparison, serum 25-OHD concentrations were 3.2%, 

15.4% and 60.9% respectively, during the summer and autumn (Hyppönen et al.,2007).   A 

similar profile of serum 25-OHD was observed in our Caucasian CD cohort of patients (n= 

176) and was surprising similar to that of the general population cohort, although 10% less 

achieved serum 25-OHD levels >50nmol/L in both Winter-Spring and Summer-Autumn 

periods.  Direct comparison is of course limited by study differences including cohort size, 

age range and year of study. 

 

Although it is generally acknowledged that IBD patients demonstrate a greater prevalence 

of Vitamin D insufficiency than the general population there is considerable variability in the 

data.  For example, in an early UK study (1985), 65% of Crohn’s patients from the UK (n=82) 

had insufficient 25-OHD levels (<50nmol/L), whilst 25% were severely deficient (<25nmol/L) 

(Harries et al.,1985).  In a recent study, the Vitamin D status of a general gastroenterology 

clinic population in a district general hospital located in South Yorkshire (Rotherham, 

latitude 53N) demonstrated only 35.3% had serum 25-OHD levels (>50nmol/L).  However, 

in this cohort, median 25-OHD was in fact similar for all diagnoses (41nmol/L, n=556), IBD 

(45nmol/L, n=110) and Irritable Bowel Syndrome patients (49.5nmol/L, n=174), which are 

often used as a comparator/control group.  Unfortunately, this presented data did not 

allude to factors such as disease activity and phenotype within the IBD group itself (Yousif et 

al.,2007). Importantly, most reported studies are restricted by patient numbers and there 
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remains limited data with regard to specific associations with  disease onset phenotype and 

activity.   

 

5.5.2 Seasonal Variation in Vitamin D Status 

It is unsurprising that the profile of serum vitamin D fluctuates in keeping with seasonal 

changes observed in the general population in response to ambient UV exposure.  Our data 

is in keeping with other similar reports in the literature (Suibhne et al.,2008,  Gilman et 

al.,2006). The hypothesis that seasonal low serum vitamin D correlates with disease 

presentation and activity is difficult to ascertain from this data, however this could be 

implied by the observed inverse correlation with activity assessments.  The nature of a 

tertiary outpatients setting in particular is likely to select a more complex and active 

patients than in the general IBD community, hence differences in seasonal presentation or 

flare-up may be unclear.  In order to detect such an association, this would ideally require 

the tracking both an individual’s disease activity and serum 25-OHD over several years. 

 

5.5.3 Vitamin D Supplementation and Vitamin D Status 

Pharmacological supplementation of vitamin D in CD patients would be expected to be 

associated with higher serum 25-OHD levels, as demonstrated in our cohort and others 

(Gilman et al.,2006).   The literature shows that for every daily 40 IU of Vitamin D oral 

intake, circulating 25-OHD increases by 0.70 nmol/L (0.28 µg/L) over 5 months.  A steady 

state appears to be achieved after 90 days on each dose tested.  Thus, doses of 400, 1000, 

5000, and 10,000 IU/day for 5 months will result in theoretical increases in circulating 

concentrations of 7, 17.5, 70, and 175 nmol 25-OHD, respectively (Hollis 2005).  Hence, 

dosing CD patients with standard doses of vitamin D (usually 800iU day), would take a 

significant time to raise serum 25-OHD to optimal levels, particularly if deficient at baseline.  

Although appropriate for the stable patient in established remission, perhaps a more 

aggressive, accelerated dosing regime is more appropriate for the active 

deficient/insufficent CD patient. 

 

5.5.4 Age of Presentation of Crohn’s Disease 

IBD tends to be a disease of onset in young adulthood, with those suffering from ulcerative 

colitis being diagnosed up to 10 years later than those with CD (Loftus EV et al.,1998,2004).  
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However, CD also reportedly demonstrates a bimodal age distribution of disease 

onset/diagnosis, but the peaks of onset (20 and over 50 years) may represent different 

phenotypes or different genetic and/or environmental influences between younger- and 

older-onset individuals.  Indeed, early age at diagnosis has been associated with more 

complicated disease e.g. a structuring phenotype, whilst older age has been associated with 

a greater prevalence of colonic disease (84.8% vs. 71.2%) (Polito et al.,1996). The majority of 

studies relying on hospitalization data to define age-stratified prevalence of IBD have 

reported a bimodal age peak, which is more predominant in ulcerative colitis than in CD 

(Stowe et al.,1990;  Cottone et al.,1991).   However, population-based studies that did not 

rely on administrative databases for patient capture have not reported a bimodal age peak 

in ulcerative colitis or CD in northern France (Molinie et al.,2004), and the European 

Collaborative study of IBD (EC-IBD) cohort (Shivananda et al.,1996).  

 

If vitamin D does exert significant immunomodulatory properties predisposing / protecting 

against onset of IBD, then a bimodal age of presentation could be hypothesised.  Firstly, 

Vitamin D levels in the elderly are low compared with those of younger subjects, even for 

healthy people.  The annual range of plasma 25-0H-D concentrations for office workers and 

children in Britain is 20-90 nmol/L, while for healthy elderly the range has been reported as 

20 - 48 nmol/L.  The effect of age on cutaneous Vitamin D synthesis and intestinal 

absorption could theoretically account for a bimodal age of IBD onset.  A reduction in 

cutaneous pre-vitamin D3 synthesis is due to a linear decrease in 7-DHC concentration in 

the skin with age, halving between the ages of 20 and 80 years (Webb and Holick, 1998). In 

addition, reduced intestinal absorption of Vitamin D with age has also been demonstrated 

(Barragry et al.,1978).  However, we did not observe a bimodal age distribution of disease 

onset / diagnosis in our CD cohort, in which the majority of patients (66.7%) were in the 17-

40 year old range at diagnosis, peaking between 20 – 22 years old.  Furthermore, there were 

also no significant differences in serum 25-OHD status according to age. 

 

Secondly, the importance of Vitamin D may be a cumulative effect on mucosal immunity 

with serum 25-OHD levels over a longer period of time being more relevant.  In our CD 

cohort, there were a limited number of patients with documented serum 25-OHD levels 

over several years (up to 5 years) in whom vitamin D levels did not appear to vary over time 
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unless supplementation is introduced. The tendency of CD to present in the latter 2nd and 

early 3rd decade of life may lend credence to this hypothesis.  This may be supported by 

analogy to MS, in which several studies showing the risk of MS upon migration to a 

temperate climate, at some stage before puberty, leads to the individual taking on the 

incidence of MS in the area to which they migrate (Dean and Elian 1990).  Furthermore, the 

observation that UC was more prevalent second generation immigrants to the UK from the 

Indian subcontinent, may also support a role for vitamin D in mucosal immunity during an 

individual’s early years (Probert et al.,1992).  If lower levels of vitamin D in the childhood 

and teenage years increase the risk of IBD, fears over sun safety are likely to limit cutaneous 

production of vitamin D in these individuals further.  A study of vitamin D status in children 

with IBD (n=78) revealed mean 25(OH)D level in Australian children was 71.2 (SD ± 26.5) 

nmol/l, although 19% were vitamin D deficient and 38% children were insufficient.  As in our 

older cohort, levels of 25-OHD were not associated with disease location or use of 

immunosuppressive drugs.  However, children with vitamin D deficiency had greater 

corticosteroid exposure than those with normal status (p=0.001) (Levin et al.,2011). A large 

prospective study of vitamin D levels in paediatric IBD patients continuing into the second 

and third decades would be useful in determining effects of vitamin D status on subsequent 

remission, phenotype and complications. 

 

5.5.5 Ethnicity and Vitamin D Status 

Our data demonstrates that ethnicity is an important demographic factor influencing serum 

25-OHD levels, with patients of Indian subcontinent origin being more prone to lower 

vitamin D levels, particularly over the Winter-Spring period.  This could predispose UK born 

Asian-Indians to IBD as suggested by Probert et al (Probert et al.,1992).  Interestingly, 

vitamin D deficiency in IBD is not a phenomenon exclusively seen in IBD patients of the 

western world.  A very recent study from Vellore, India (Latitude 12 N) compared 34 

patients with CD with 34 age-sex matched IBS controls.  25-OHD levels measured by 

radioimmunoassay were significantly lower in patients with CD compared to controls (40.8 ± 

27 vs. 57 ± 29.8 nmol/l respectively; p<0.05) (Joseph et al.,2009).   
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5.5.6 Disease Activity and Vitamin D Status 

If vitamin D does exert beneficial immunomodulatory properties, thereby promoting 

immunotolerance and clinical remission in IBD, it is logical to theorise that an inverse 

relationship between vitamin D levels and disease activity would be observed.  Indeed, we 

observed a significant inverse relationship when the Harvey Bradshaw Index (HBI) of disease 

activity was applied (r= -0.1924, p =0.04).  The HBI incorporates subjective assessments but 

is heavily dependent on subjective patient reporting of symptoms, but nevertheless 

correlates well with the more complex CDAI incorporating more objective indices such as 

ESR, haemoglobin etc.  However, personal experience of disease activity assessment in IBD 

patients participating in formal pharmaceutical trials, during routine clinical consultations 

and during data collection in the presented study has led to recognition that these 

commonly used indices are not perfect.  For example, over a given 24 hour period, a CD 

patient with “moderate” abdominal pain who feels “very poorly”, in the absence of 

diarrhoea (Bristol Stool Type 5-7) or a palpable mass (a finding not uncommon in CD 

patients with ileal disease), would fail to achieve a HBI of 6 (indicating active disease or 

relapse), despite significant mucosal inflammation at endoscopy (as demonstrated in our 

case report in Chapter 7).  Conversely, severe pain and/or stricture-associated diarrhoea 

resulting from fibrotic stricturing, in the absence of significant mucosal inflammation, could 

easy result in scoring highly on the HBI without the presence of currently active 

inflammation. 

 

In our cohort of CD patients, a statistically significant difference also existed between the 

physician’s rating of quiescent (remission) and active disease with serum vitamin D levels 

(annual) of 68.2nmol/L and 57.1nmol/L (p<0.04).  Many now recognise that that clinical 

judgement by an experience physician is indispensable in any clinical index as disease is far 

more complex than reflected in a simple activity scale and manifests with considerable 

variation. Disease rating by physicians more closely relates to measures of disease activity 

than does patients’ rating of symptoms, regardless of the patient’s age. This is true even 

when scoring subjective items such as ‘‘abdominal pain.’’ Patients tend to mark global 

assessment according to their general well being, whereas physicians score the same 

assessment according to clinical signs and symptoms related to the disease under study 

(Turner et al.,2010).   
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There is limited published data correlating vitamin D status and disease activity.  Very 

recently, a few groups have demonstrated a similar inverse association of serum vitamin D 

with disease activity in CD patients.  In a retrospective analysis, mean 25-OHD levels in 

North American CD (n=266) and UC (n= 209) patients were in the sufficient range at 56.25 

+/- 29.75 nmol/L and 60.25 +/- 30.25 nmol/L respectively.  However, there was a statistically 

significant drop in both the HBI score and Mayo score for each unit increase in Vitamin D in 

CD (r = -0.70, p=0.003) and UC (r =-1.04, p=0.013) respectively (Bosworth et al.,2009).  In 

keeping with our data, 25-OHD levels were also independent of disease location including 

ileal disease.  In a cohort of CD patients in India, the severity of disease activity as assessed 

by HBI correlated negatively (r = -0.484, significance p<0.004) with the serum 25-OHD level 

(Joseph et al.,2009).  Another older study of 40 Welsh patients with CD suggested that 

patients with active disease (HBI ≥5) were significantly more likely to be deficient in serum 

25-OHD measured by radioimmunoassay (25.3 nmol/L, n=11) than those with inactive 

disease (39.3 nmol/L, n=29) in the absence of significant differences in dietary Vitamin D 

intake (Harries et al.,1985). One needs to ask whether pre-existing vitamin D deficiency was 

the initiating event leading to disease severity, or whether vitamin D deficiency was the 

consequence of severe underlying illness. It is likely that the truth is somewhere in between 

as patients with more active disease are both likely to receive less sunlight and absorb less 

vitamin D received in the diet.  

 

5.5.7 Distribution of Disease, Surgical Resection and Vitamin D Status 

We demonstrated no differences in serum 25-OHD with regard to distribution of disease or 

ileal / colonic  resection.  This is surprising as intestinal inflammation or resection would be 

expected to reduce micro-nutrient absorptive capacity, including that of dietary-derived 

vitamin D.  Indeed, previous studies have suggested that CD patients have a reduced 

capacity to absorb orally administered Vitamin D, presumably associated with small bowel 

inflammation.  Furthermore, ileal resection has also been linked to reduced absorption of 

Vitamin D (Leichtmann et al.,1991).  In a cross-sectional observational study (Ireland) of CD 

patients (n=58), multiple regression analysis showed that small intestinal involvement was 

negatively associated with serum 25-OHD levels (p=0.005) (Gilman et al.,2006).  Other 

studies have also detected lower 25-OHD after ileal resection (Harries et al.,1985; Haderslev 
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et al.,2003).  In contrast, in our CD patient cohort the absence of statistical differences in 

serum 25-OHD levels between no resection and ileal resections perhaps reflects dietary 

vitamin D absorption largely in the jejunal.  Indeed, there are reports of lower serum 25-

OHD levels when jejunal disease is present (Joseph et al., 2009).  Of note, in terms of our 

own data, there was considerable variation in description of the anatomical distribution of 

disease documented in an single individual patient’s medical records between outpatient 

attendences (e.g. ileocolonic disease vs. colonic, right hemicolectomy vs. ileal resection, and 

stricturing vs. non-stricturing disease). This reflected inaccurate documentation with 

potential consequences for patient care as well as potentially masking significant differences 

in this relatively small cohort of patients. 

 

The terminal ileum is the most vulnerable section of small intestine to CD.  It could be 

hypothesised that since dietary vitamin D is largely absorbed proximally in the jejunum, 

higher precursor vitamin D2-3 may be achieved in the epithelial and lymphatic 

microenvironment in the proximal small bowel compared with the terminal ileum.  The 

importance of higher precursor vitamin D substrate levels for autocrine / paracrine effects 

use by gut epithelial immune cell, such as DC which can potentially manufacture the active 

metabolite 1,25(OH2)D3 independently, is likely to be relevant.  The bioavailability and 

importance of the overall serum 25-OHD to the intestinal microenvironment is also 

unknown.  However, the propensity of the terminal ileum to develop CD may simply also 

reflect a greater bacterial load associated with backwash from the colon via the ileocaecal 

valve.  

 

5.5.8 Therapeutic intervention and Vitamin D Status  

The protocol for treatment of CD usually conforms to a standard therapeutic pyramid 

(Figure 5.15) (Carter et al.,2004).  Clearly, it is desirable to initiate pharmacological therapies 

associated with the least and less severe adverse effects, although these agents may not 

necessarily be the most efficacious option.  Historically, patients tend to move up the 

treatment pyramid in response to either recurrent disease, frequency of flare-up, failure to 

respond / loss of response or complications associated with CD (e.g. fistulation / stricturing). 
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Figure 5.15  Classical treatment pyramid in Crohn’s Disease.  Arrow indicates direction of therapeutic 

escalation associated with complex, resistant or progressive disease. 

 

It is therefore, a reasonable generalization to expect that patients currently at the base of 

the pyramid, receiving only 5-aminosalicylates (5-ASA), represent a group with a less 

aggressive, more stable disease phenotype than patients higher up the pyramid.  Patients 

prescribed immunomodulators, including azathioprine (AZA) or methotrexate (MTX), or 

biological agents (anti-TNF) are likely to have failed 1st line therapies or demonstrate 

recurrent symptomatic flare-ups.  The prohibitory healthcare cost implications of biological 

agents have limited their use and hence tend to be used later in the disease history, or in 

response to severe, resistant or complicated disease. It should be remembered that 

treatment progression may demonstrate individual and temporal variation in disease 

activity.  For example, index presentation of severe stricturing disease may undergo surgery 

as an initial therapeutic intervention, whilst a patient previously receiving thiopurines with a 

sustained good response may currently be maintained with 5-aminosalicylates.    

 

Nevertheless, it is logical to hypothesize that vitamin D status (serum 25-OHD) inversely 

correlates with the treatment pyramid and associated severity of the clinical disease 

phenotype, i.e. patients receiving 5-aminosalicylates alone are likely to have less severe 

disease than those receiving thiopurines.  Our data does not support this hypothesis 

demonstrating no significant difference between pharmacotherapy and mean serum 25-

OHD status.  This may represent variables which reflect the complexity of an individual CD 

patient including natural history of disease, current disease activity and time of year.  
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In conclusion, taken together the data presented above supports the need for a change in 

practice with routine assessment of patient vitamin D status in IBD.  Gastroenterologists do 

not routinely screen for vitamin D insufficiency, highlighted in a small retrospective study of 

IBD patient medical notes, in which over an 18-month period, only 28/204 IBD patients 

underwent vitamin D testing, of which only 12/28 were ordered by a gastroenterologist 

(Bakshi et al.,2009).  In addition, the high background level of vitamin D deficiency in healthy 

or control groups, also suggests that this is part of a spectrum of a wider public health 

problem.   Well conducted clinical trials of vitamin D or its analogues in human IBD patients 

are warranted to assess and confirm potential therapeutic application. 
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Abstract  

 
Background  

Dendritic cells (DC) are professional antigen presenting cells capable of inducing primary 

immune responses via their ability to control several aspects of the immune response, 

including dictating both the type of effector cell response (TH1, TH2, TH17 or TR), as well as 

imprinting subsequent effector T-cell trafficking to specific tissues.  Circulating intestinal-

homing lymphocytes are of particular significance in diseases causing intestinal 

inflammation, such as Crohn's disease (CD) which is characterised by the recruitment of 

circulating mononuclear cells to the intestine (Burgio et al., 2005). 

 
We hypothesized that alterations in the homing phenotype of circulating blood leucocytes, 

in particular DC, may contribute to the dysregulated immune response that underlies 

human CD.  Specifically, an abnormal pattern of homing molecule expression by DCs may 

underlie the chronic inflammatory process. Therefore, we analyzed homing molecule 

expression by circulating myeloid (m-DC) and plasmacytoid (p-DC), and total CD3+ T-cells in 

healthy controls compared with CD patients. 

 

Methods  

Multi-colour flow cytometry and gating strategies were used to identify m-DC (CD11c+HLA-

DR+Lin-) and p-DC (CD11c-HLA-DR+Lin-), and CD3+ lymphocyte populations in the peripheral 

blood of CD patients and healthy individuals.  Phenotypic expression of gut (7 integrin) and 

skin homing (CLA, CCR10, CCR4) markers were determined in these cell populations. 

 

Results 

Peripheral blood DC were identified in the peripheral blood in adequate numbers to 

determine homing molecule phenotype.  In control samples, the majority of DC were 

positive for expression of 7, although significantly more in m-DC than p-DC (92.7  1.56% 

vs. 80.8  1.38%, p<0.001).  Expression of skin homing markers CLA was low and CCR10 / 

CCR4 very low or negligible.  There was no significant differences in homing marker 

expression when healthy individuals (n=17) and CD patients (n=11) were compared. 
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The majority of total CD3+ T-cells in the peripheral blood of healthy subjects were also 7 

positive (70.5  2.10%), but expressed low levels of CLA and very little CCR10 or CCR4.  

There were no significant differences between the healthy and disease states. 

  

Conclusion 

Dysregulated leucocyte homing in CD was not demonstrated.  There were no statistical 

differences in skin or gut homing marker expression by the two main DC subpopulations or 

total CD3+ lymphocytes in the peripheral blood of CD patients when compared to healthy 

controls.  
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Chapter 6 

Gut and Skin Homing Potential of Human Peripheral Blood Leucocytes in Crohn’s Disease 

and Health  

 

6.1  Background 

Dendritic cells (DC) are professional antigen presenting cells capable of inducing primary 

immune responses via their ability to control several aspects of the immune response, 

including dictating both the type of effector cell response (TH1, TH2, TH17 or TR), as well as 

imprinting subsequent trafficking to specific tissues.  Dysregulation of DC function is thought 

to lead to the breakdown of oral tolerance (non-responsiveness) to the commensal 

microflora (Duchmann et al.,1995; MacDonald 1995; Stagg et al.,2003,2004), a key factor in 

the pathogenesis of the TH1/TH17-driven pathology of IBD (Balfour Sartor 2006). 

 

There is continuous trafficking of circulating effector leukocytes between the circulation and 

the peripheral tissues and lymph nodes. These extravasate from the bloodstream in a 

process mediated by cell-surface structures such as integrins, chemokines and adhesion 

molecules, which direct selective homing of cell populations to specific sites (Butcher et 

al.,1999).  Circulating intestinal-homing lymphocytes are of particular significance in 

diseases characterized by intestinal inflammation.  For example, Crohn's disease (CD) is a 

characterized by the recruitment of circulating mononuclear cells to the intestine (Burgio et 

al.,1995).  

 

6.1.1 Gut Homing 

The integrin 7 mediates the binding of lymphocytes to mucosal addressin cell adhesion 

molecule-1 (MAdCAM-1), a glycoprotein expressed on intestinal lamina propria and 

endothelial venules in Peyer's patches and mesenteric lymph nodes (MLN) (Erle et al.,1993; 

Berlin et al., 1993).  This interaction is required for efficient trafficking of lymphocytes into 

the intestine.  Indeed, 7 knock-out mice have poorly developed Peyer's patches and 

decreased numbers of lamina propria CD4+ and antibody secreting cells (Wagner et 

al.,1996).  47hi memory T-cell subsets preferentially traffic to the small intestine; a 

process also involving CCR9, the chemokine receptor for TECK (Zabel et al.,1999).  During 

intestinal inflammation, 7 integrin-dependent and -independent pathways contribute to 

lymphocyte recruitment to the intestinal tissues and disease pathogenesis (Gorfu et 
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al.,2009).  Hence, gut homing molecules offer therapeutic targets in the treatment of IBD.  

Monoclonal antibodies to 7 block interactions with MAdCAM-1, thereby decreasing the 

homing of lymphocytes to the intestine have been shown to ameliorate intestinal 

inflammation in animal models of colitis (Hesterberg et al.,1996).  

 

6.1.2 Skin Homing 

In contrast, 47lo peripheral lymphocyte populations include cells expressing the skin 

homing molecules cutaneous lymphocyte-associated antigen (CLA), which binds to E-

selectin and directs cellular migration to skin (Santamaria Babi et al., 1995; Tu et al.,1999), 

and the chemokine receptors CCR4 (Campbell et al.,1999) and CCR10 (Reiss et al.,2001).  

Hence, there are distinct T-cell populations with different selective homing properties.   

 

6.1.3 Imprinting of Lymphocyte Homing by Dendritic Cells 

Tissue specificity for T-cell migration is thought to be imprinted by DC during activation of 

naïve T-cells.  Evidence from our laboratory demonstrates that DC from murine MLN, but 

not those from peripheral lymph nodes, induced 47 integrin expression on responding T-

cells (Stagg et al.,2002).  It has subsequently been shown that lymphocytes stimulated by 

mucosal DC preferentially home to the gut (Mora et al.,2003; Johansson-Lindbom et 

al.,2003; Mann et al.,2010), suggesting a mechanism by which DC may program memory T-

cells to home back to sites of initial activation.   

 

It has been implied that tissue specific DC themselves already possess the ability to imprint 

gut homing T-cells before entering MLN where activation and imprinting gut trophic T-cells 

is thought to largely take place (Jaensson et al.,2008). The implication that gut DC 

themselves are pre-primed to imprint specific gut T-cell homing, whilst still in their 

peripheral tissue of origin, before migration to local lymphoid tissue, suggests that other 

tissue-specific microenvironment factors may be responsible.  Indeed, in addition to the 

local cytokine milieu and cell-cell interaction with other immune cells, such as epithelial 

cells, evolution has cleverly adapted external cues from dietary-derived factors (vitamin A) 

and sunlight (UV-induced vitamin D3), thereby promoting lymphocyte homing to the small 

intestine and the epidermis respectively. The relevance of DC is further emphasised by their 

capacity to independently process these locally derived vitamins into their active 
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metabolites (retinoic acid and 1,25-OH2D3), thereby exporting environmental cues to the 

lymphatic tissues to influence the trafficking and effector functions of naïve T-cells 

(Sigmundsdottir & Butcher,2008). The homing marker expression by DC themselves may, in 

principle, also be influenced these environmental cues and associated autocrine and 

paracrine activity.  
 

 

6.1.4 Homing Marker Expression by Dendritic Cells 

T-cells are not alone in their expression of homing molecules as DC can also express a range 

of chemokine receptors.  For example, CCR7 expression drives the migration of lamina 

propria DC to MLN (Sallusto et al.,1999; Dieu et al.,1998; Jang et al.,2006; Forster et al., 

1999)., whilst CCR6 appears essential for DC positioning at epithelial surfaces (Cook et al., 

2000; Vanbervliet et al.,2002;) and in the dome regions of Peyer’s patches (Iwasaki and 

Kelsall, 2000).  A high proportion of freshly isolated DC from healthy small intestine, but not 

colon, express CCR7 (Jones et al.,2003).  

 

Peripheral blood circulating DC have a multi-epithelial homing phenotype, co-expressing β7 

and CLA but lacking expression of lymph node homing marker CCR7, and other tissue 

homing markers, CCR4 and CCR10.  This suggests that in the steady state, blood DC are not 

fully equipped with migratory potential to a specific tissue, instead they may become tissue 

specific within the skin or colon.  In contrast, tissue-specific DC lose their multi-homing 

phenotype developing the ability to elicit specific tissue-homing properties in the T-cells  

they stimulate (Mann et al.,2008).  

 

Interesting as yet unpublished work from our laboratory has demonstrated that peripheral 

blood monocytes (CD14Hi) also express high surface homing marker levels of CCR9 (gut 

homing) and CCR7 (both >90% cells positive), suggesting they are programmed to home to 

the small intestine (D Bernado-Ordiz, APRG).  It is perhaps not surprising that these DC 

precursors should be destined for the largest immune organ in the body and its secondary 

lymphoid tissue.  Monocytes, upon differentiation into MoDC in the laboratory, 

subsequently lose this gut homing profile.  Hence, upon reaching the gut, the local tissue 

microenvironment may be required to maintain gut homing marker expression, whilst also 

promoting a “tolerogenic” or “homeostatic” DC. For example, intestinal DC secrete different 
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cytokines from those produced by DC at other sites; CD11b+ Peyer’s patch DC secrete IL-10 

and preferentially generate TH2 responses, whereas spleen DC produce IL-12 and favour TH1 

generation (Iwasaki and Kelsall,1999).  It is also possible in the intestine whilst variable 

expression of chemokine receptors may distinguish DC subpopulations and functions within 

different intestinal compartments.  

 

Data on tissue specific trafficking of human DC in IBD are limited.  Due to their low 

frequency and the absence of a specific antibody it is very difficult to identify, isolate, and 

enrich DC in adequate numbers.  However, modern flow cytometry allows simultaneous 

staining with multiple fluorochrome-conjugated antibodies to specific surface markers, 

which along with the employment of complex gating strategies to exclude non-DC 

populations (Dzionek et al.,2000).   

 
 
 
 
 
6.2  Hypothesis and Aims 
 
We hypothesized that alterations in the phenotype of peripheral blood DC may contribute 

to the dysregulated immune response that underlies Crohn’s Disease.  In particular, an 

abnormal pattern of homing molecule expression by DCs may underlie the chronic 

inflammatory process.  Therefore, we analyzed homing molecule expression on myeloid DC 

(m-DC), plasmacytoid DC (pDC) and total CD3+ T-cells in both healthy controls and CD 

patients. 

 

This exercise also served to provide initial exposure to laboratory technique and baseline 

data on DC and T-cell expression of homing molecules before examining the effects of 

vitamin D on homing characteristics. 
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6.3  Methods 
 

PBMC were separated from whole blood and labelled with fluorochrome conjugated 

antibodies (Chapter 4).  Four colour flow cytometric analysis was used to identify 

populations of peripheral blood DC and CD3+ lymphocytes using the methods and gating 

techniques described previously in Chapter 4 (Materials and Methods).  Expression of the 

homing molecules CCR10, CCR4, CLA and B7 were determined for m-DC, p-DC and CD3+T-

cell populations.  Labelling with anti-CCR9 was not conducted due to concerns within the 

laboratory of poor performance and reproducibility using this particular fluorochrome 

conjugate.  

 

Data were expressed as the percentage of cells positive using both region and super-

enhanced Dmax (SED) subtraction with mean fluorescence intensity ratio (MFI) for each 

marker.  Two-tailed t-tests were used to compare proportions of cells between groups. 

Comparisons between subsets of cells within individuals were made using paired t-tests.  

Data were expressed as mean ± standard error of the mean (SEM).  Values of p<0·05 were 

regarded as statistically significant. 
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6.4  Results 

 

6.4.1  Patient Characteristics - Crohn’s Disease 

 

PBMC were obtained from 18 healthy volunteers (5 males, 13 females) and 11 CD patients 

(5 males, 6 females) with ileal or ileocolonic CD (Table 6.1). The clinical activity of the 

patient's disease was scored using the Harvey Bradshaw index (HBI) of Crohn's disease 

activity (Appendix).  However, in the event that an HBI score of >5 was not achieved, 

patients were included only if there was evidence of active luminal inflammation on recent 

radiology (e.g. CT, MRI, BaFT) or endoscopy within the last 3 months.  Patients on 

thiopurines were included however any patients receiving steroids within the last 3 months, 

other immunomodulators (e.g. methotrexate) or biological agents (e.g. Infliximab) were 

excluded. 

 

 

 

Patient Gender Disease distribution Medication HBI 

1 F Ileocolonic Thiopurine 3 

2 M Colonic 5ASA 1 

3 M Ileocolonic Thiopurine 5 

4 M Ileocolonic Thiopurine/ 5ASA 9 

5 F Ileocolonic Thiopurine 6 

6 F Ileocolonic Thiopurine 4 

7 F Ileal 5ASA 3 

8 F Ileal 5ASA 6 

9 M Ileal Thiopurine / 5ASA 9 

10 M Ileal Thiopurine / 5ASA 9 

11 F Ileal Thiopurine 3 

 
Table 6.1  Crohn’s Disease Patient Characteristics 
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6.4.2  Identification of Dendritic Cells in Peripheral Blood 

Peripheral blood monocytes (PBMC) were labelled with fluorochrome-conjugated 

monoclonal antibodies (mAb) in order to identify DC subpopulations.  This identification was 

possible by determining surface expression of molecules characteristic of DC whilst 

excluding other cell lines using multi-colour flow cytometry and WinlistTM analytical 

software using established techniques. 

 
Figure 6.1  Identification of PBMC subpopulations by light scatter characteristics.  Typical flow cytometry 
scatter plot demonstrating subpopulations of cells within PBMC based on FSC:SSC characteristics. 

 
 
Viable cells were identified on the basis of cell size (forward scatter - FSC) and granularity 

(side-scatter - SSC) characteristics.  A region gate was established around the viable cell 

population (Figure 6.2a).  A two parameter histogram was created for mAb fluorescence in 

light channels FL-1 and FL-3, resulting from Fluorescein (FITC) and PE-Cy5 respectively, 

“gated” on the viable cell region. DC were identified as events (cells), within the viable cell 

gate, positive for HLA-DR expression (HLA-DRHi) but negative for a cocktail of other non-DC 

cell lineage markers (Lin-) markers (CD3, CD14, CD16, CD19, CD34)(Figure 6.2b).   
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a) 

Fluorosphere counting beads

R1 Viable cell gate

           b)  
 

Figure 6.2 Identification of human peripheral blood DC at flow cytometry. a) Light scatter plot showing a 

region (R1) containing viable cells.  Cell debris, red blood cells and platelets were thereby excluded from 

fluorescence analysis.  b) Two parameter histogram of HLA-DR vs.lineage cocktail expression gated on viable 

cell region (R1).  DC population (HLA-DR
Hi 

Lin
–
) is indicated (R2).  

 

The DC population “gate” was used to create a one parameter histogram of mAb 

fluorescence in FL-2 (Phycoerythrin – PE) indicating CD11c expression, thereby identifying 

m-DC (CD11c+) and non-myeloid (putative) p-DC (CD11c-) DC populations (Figure 6.3 a+b).  

An isotype control antibody indicating the inherent background fluorescence arising from 

both cells and the mAb in the absence of flurochrome-conjugation (Figure 6.3a) aided 

positioning of regions “gating” on CD11c+ m-DC and CD11c- p-DC (Figure 6.3b). 

 

a)      b)   

 

Figure 6.3  Single parameter histograms demonstrating CD11c expression by myeloid (CD11c
+
) and 

plasmacytoid (CD11c
-
) DC. Histograms are gated on the HLA-DR

Hi 
Lin

–
 DC population (Figure 6.1b).  The region 

method is used to demonstrate staining by a) Isotype-matched control (mouse 1) antibody and b)  Mouse1 

anti-CD11c antibody.  This facilitated positioning of regions for CD11c
+
 m-DC (R3 – dark) and CD11c

-
 putative p-

DC (R4 –light), which in the representative example shown constituted 58.3% and 41.37% of the gated DC 

population respectively. 

58.63%  41.37%  
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In the control group, DC constituted 0.840.08 (mean 3064 events) of the total viable PBMC 

gate (mean 374537 events).  There was no significant differences in the proportion or 

number of m-DC and p-DC subsets between control and CD groups (m-DC Control: 

1256149, CD: 1167271); or within either group (p-DC Control 1256149, CD 1229148). 

 
“Backgating” of CD11c expression using WinListTM software demonstrated the location of 

the m-DC and putative p-DC within both the DC region of the HLA-DR vs. lineage histogram 

and the viable cell gate (Figure 6.4).  

 

a)   b)      

c) d)   
 

Figure 6.4 Distribution of m-DC and p-DC within cell populations – Backgating for CD11c Expression a) 

Expression of CD11c
+ 

cells  (black) within PBMC (R3) was backgated onto b) HLA-DR vs. Lineage histogram (DC 

population boxed).  Similar backgating of the CD11c
-
 p-DC population is also shown (c + d).  It can be seen that 

CD11c is not exclusively expressed by m-DC as fluorescence is seen outside the boxed DC population (b). 
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Figure 6.5 Scatter Characteristics of Myeloid Dendritic Cells.  Myeloid DC (as well as other antigen-presenting 

cells) are located within a definable area of the light scatter plot. CD11c expression (black) was backgated onto 

the light scatter plot. This figure demonstrates the locations of CD11c
+ 

cell populations within the viable cell 

region (boxed) of the FSC vs. SSC plot.  This confirms that CD11c
+
 cells, (including m-DC) are located with a 

definable cell region. 

 

 

 
 

Figure 6.6. Location of CD14
+
 Monocytes within the PBMC population. a) CD14 expression by PBMC (dark); b) 

The location of DC precursor CD14
+
 monocytes upon backgating within the HLA-DR vs. Lineage exclusion 

cocktail histogram.  These myeloid lineage monocytes are CD14
+
 (anti-CD14 is contained in the lineage 

cocktail) but also express HLA-DR. c) CD14
+
 cells within PBMC upon backgating onto the FSC vs. SSC histogram. 

 

Labelling of PBMC for CD14 expression followed with backgating demonstrated the location 

of the CD14+ monocyte populations within the HLA-DR vs. lineage exclusion histogram and 

the scatter plot (Figure 6.6). 
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6.4.3 Identification of CD3+ T-lymphocytes in Peripheral Blood 

 

CD3+ T-lymphocytes were identified during analysis of flow cytometry data by gating on the 

known lymphocyte region within the PBMC on the FSC:SSC plot (Figure 6.7a) and 

demonstrating CD3 expression (Figure 6.3b).  Backgating of CD3+ expression within total 

PBMC confirmed the location of CD3+ cells confined within the lymphocyte region of the 

FSC:SSC plot (Figure 6.8). 

 

a)       b)  

 

Figure 6.7 Identification of CD3
+
 T-cell populations  a) Light scatter plot indicating location of T-cells within a 

well-defined region (R1). b) Expression of CD3 by cells within the T-cell population (Boxed). 

 

 

Figure 6.8:  The CD3
+
T-lymphocyte population a) CD3

+
 population (black) is backgated onto the b) HLA DR-

Lineage histogram and c) Light scatter plot.  These figures clearly show the location of CD3+ T-lymphocytes are 

distinct from that of DC. 
 

 

CD3+ T-cells constituted similar proportions of the total viable PBMC population in both 

controls and CD groups (mean 75.85%1.65 vs. 76.6%3.85, p=ns). 
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6.4.4  Challenges of Determining Homing Molecule Expression  

The process of determining surface homing molecule expression is seemingly 

straightforward (Chapter 4).  In fact, the technique can be challenging.  For example, there 

are potential problems using the different methods of subtraction from the isotype control.  

This is illustrated in the results shown in Figure 6.9 which show CCR4 expression by CD11c+ 

and CD11c- DC within PBMC.  The histogram in Figure 6.9a shows CD11c+ DC with visibly 

negligible CCR4 expression.  The region method of subtraction (RMS) suggests CCR4 

expression of only 0.13%, in contrast the SEDmax method of subtraction suggests 51.71% of 

CD11c+ DC are positive for CCR4.  The validity of the SEDmax result is negated by a positive-

control intensity ratio (IR) of only 1.03.  This indicates virtually no difference in the intensity 

of fluorescence between the isotype control and antibody labelling CCR4 expressing cells, 

hence the seemingly high expression of CCR4 is likely to be a misleading result.  In some 

cases, the fluorescence of the isotype / background fluorescence was brighter than that of 

the labelled markers leading to reversal upon subtraction (i.e. less than zero expression). 

 

In contrast, in the example shown in Figure 6.10, CD11c+ DC demonstrate a low amount of 

CCR4 expression of 6.65% using the RSM versus 10.20% using the SEDmax method.  However, 

an IR of 10.2 shows a strong difference in fluorescence compared to the isotype control, 

indicating strong confidence in a valid result (i.e. IR > 2).  Although these results differ 

(6.65% versus 10.2%), the values are of similar magnitude. 

 

In my experience, SEDmax  is particularly suited to histograms in which isotype and label 

fluorescence overlap (e.g. 7 expression in Figure 6.15).  Since consistency in measurement 

methods is important the SEDmax method was largely used (unless otherwise stated) in our 

analysis using a cut off intensity ratio >2 to indicate a valid result.  However, analysis of 

some markers (e.g. CCR10) was not possible due to consistently invalid SEDmax results.  In 

these cases, due to very low expression of the marker in question, the RMS was used.  The 

same subtraction method was used throughout all analysis of an individual homing marker 

(i.e. 7 - SEDmax only CCR10 , RMS method only). 
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Figure 6.9  Flow Cytometry Analysis – Misleading Super-Enhanced Dmax Subtraction Result.  These histograms 

show CCR4 expression by CD11c
+
 (myeloid) DC.  The isotype control is shown on the left.  This facilitates 

placement of the region gate for CCR4 expression (boxed). The region method of subtraction (RMS - upper 

right) yields a CCR4 expression of 0.13%. Super-enhanced Dmax subtraction (SEDmax - lower right) yields a very 

different result (51.7%, IR 1.03). 

 

Figure 6.10  Flow Cytometry Analysis - Valid Super-Enhanced Dmax Subtraction Result. These histograms show 

CCR4 expression by CD11c- (plasmacytoid) DC.  The isotype control is shown on the left.  This facilitates 

placement of the region gate for CCR4 expression (boxed). The RMS (upper right) shows 6.64% cells positive 

for CCR4 expression, whilst SEDmax subtraction (lower right) yields a similar result (10.2%, IR 10.21).  

CCR4
+
 0.13% 

CCR4
+
 51.7% 

IR         1.03 

Region Method 

 

Subtraction Method (SEDmax) 

%+ve    6.65% 

%+ve   0% 

%+ve    10.2% 

IR         10.21 

Region Method 

Subtraction Method (SEDmax) 
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6.4.5 Expression of Homing Molecules by Dendritic Cells in Peripheral Blood 

 
a) Skin Homing Molecule Expression by DC in Peripheral Blood 
 

CCR10 : The expression of CCR10 by peripheral blood DC was negligible (Figure 6.10).  No 
significant differences were seen in the percentage of DC positive or MFI for CCR10 
expression between m-DC and p-DC or for either population when Controls and CD patients 
were compared. 
 

a) b) c)  
Figure 6.10 Expression of CCR10 by Peripheral Blood DC. a) Representative single parameter subtraction 

histogram shows CD11c
-
DC demonstrate negligible expression of CCR10 (SEDmax % cells positive 5.36%, IR 1.06 

/ RMS 0.5%); b) m-DC (% cells positive); c) p-DC (% cells positive). 

 

 

 

CCR10 
(%+ve) 

DC Source Median Mean +/- SEM Range n p value 

m-DC 
Control 0.00 0.58 ± 0.24 0.0 - 3.54 18 

p=ns 
CD 0.60 1.43 ± 0.59 0.0 - 6.06 11 

p-DC 
Control 0.30 1.43 ± 0.50 0.0 - 6.86 18 

p=ns 
CD 1.39 1.67 ± 0.55 0.0 - 5.91 11 

 
Table 6.2 Expression of CCR10 by Dendritic Cells in Peripheral Blood 

Percentage of Cells Positive (%ve); Positive Intensity Ratio (IR); p value (mean) 

 
 

CCR4 : The mean expression of CCR4 by peripheral blood DC was low (Figure 6.11).  No 
significant differences were seen in either the percentage of DC positive or MFI for CCR4 
expression between m-DC and p-DC or for either population when Controls and CD patients 
were compared. 
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a)  b)  c)  
Figure 6.11 Expression of CCR4 by Peripheral Blood DC. a) Representative single parameter subtraction 
histogram showing CD11c

- 
DC demonstrate little expression of CCR4 (SEDmax %positive 13.38%, IR 1.83, RMS 

2.33%); b) m-DC (%positive); c) p-DC (%positive).  
 
 
 

CCR4 
(%+ve) 

DC Source Median Mean +/- SEM Range n p value 

m-DC 
Control 14.78 21.08 ± 4.42 0.0 - 68.6 18 

p=ns 
CD 28.75 33.52 ± 5.92 5.0 – 69 11 

p-DC 
Control 14.00 15.82 ± 2.16 1.7 - 35.0 18 

p=ns 
CD 30.00 27.09 ± 5.09 0.0 - 54.0 11 

   

Table 6.3 Expression of CCR4 by Dendritic Cells in Peripheral Blood 
Percentage of Cells Positive (%ve); Positive Intensity Ratio (IR); p value (mean) 

 
 
 
 
b) Gut Homing Molecule Expression by DC in Peripheral Blood 
 

7 : Phenotypic analysis of peripheral blood m-DC and p-DC (HLA-DR+Lin-CD11c+ and HLA-

DR+Lin-CD11c- respectively) revealed no significant difference in expression of 7 integrin 
between CD patients and healthy volunteers (Figure 6.12 and Table 6.4). 
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a)  b) c)
  

d)  e)  
 

Figure 6.12   Expression of 7 by Peripheral Blood Dendritic Cells. a) 7 Expression by m-DC. Representative 

single parameter subtraction histogram shows CD11c
+ 

DC demonstrate strong expression of 7 (SEDmax 

%positive 92.96%, IR 14.31, RMS 94.13%); b+c) Percentage of m-DC / p-DC positive for 7; c+e) Positive 

Intensity Ratio of 7 expression for m-DC / p-DC. 
 
 

7 
(%+ve) 

DC Source Median Mean +/- SEM  Range n p value 

m-DC 
Control 94.5 92.7 ± 1.56 76 - 98.1 14 

p=0.08 
CD 97.4 96.1 ± 0.66  91 - 98.7 11 

p-DC 
Control 80.5 80.8 ± 1.38 71 – 88.2 14 

p=0.67 
CD 77 75.3 ± 2.75 60 – 90.4 14 

 

7 
(IR) 

DC Source Median Mean +/- SEM Range n p value 

m-DC 
Control 8.40 9.39 ± 1.20 4.4 - 22.5 14 

p=0.663 
CD 12 .7 13.7 ± 2.04 7.3 - 29.8 11 

p-DC 
Control 5.43 5.45 ± 0.47 1.1 – 8.5 14 

p=ns 
CD 4.21 3.82 ± 0.65    2.8 – 10.2 11 

 

Table 6.4 Expression of 7 by Dendritic Cells in Peripheral Blood  
Percentage of Cells Positive (%ve); Positive Intensity Ratio (IR); p value (mean) 

 

 

Plasmacytoid (CD11c-) DC were noted to express significantly less 7 integrin (percentage of 

cells positive) than in the myeloid (CD11c+) DC in the control group (80.8  1.38% vs. 92.7  

1.56% respectively, p<0.001)).  A similar difference was observed in the CD groups (75.3  

2.75 vs. 96.1  0.66).  No significant differences were noted in the expression of other 

homing markers (CCR10 and CCR4) when m-DC and pDC were compared (data not shown). 
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6.4.6 Homing Marker Expression by CD3+ T-cells in Peripheral Blood 
 

Mean CCR10 and CCR4 expression by CD3+ T-cells is very low (Figure 6.13).  No significant 

differences were seen in the intensity ratio data for CCR10 or CCR4 when Crohn’s patients 

and Controls were compared (data not shown). 

 

a)    b)  

c) d)  

Figure 6.13  CCR10 and CCR4 Expression by Circulating CD3
+
 T-cells. a+c) Representative single parameter 

subtraction histograms show CCR10 and CCR4 expression; c+d) Expression of CCR10 and CCR4 (%positive). 

 

CLA expression by CD3+ T-cells is low (Figure 6.14). No significant differences were seen in 

the MFI data for CCR10 or CCR4 when Crohn’s patients and Controls were compared. 

 

 

 
Figure 6.14 Expression of CLA by Circulating CD3

+
 T-cells  a) Representative single parameter subtraction 

histogram showing CD3
+
T-cells to express low levels of CLA (%positive 4.40%, IR 6.1, RMS 3.37%); b) CLA 

Expression by CD3
+
T-cells (%positive).  



195 

 

7 expression by CD3+ T-cells was high (Figure 6.15).  However, no significant differences 
were seen in the MFI data for CCR10 or CCR4 when Controls were compared with CD 
patients. 
 
 

a) b) c)   
Figure 6.15 Expression of 7 by Circulating CD3

+
 T-cells.  Representative single parameter subtraction 

histogram shows CD3
+
T-cells expressing a heterogeneous range 7 with significant 7

Hi
 expression (%positive 

77.2%,  IR 14.8,  Region 57.1%; b) 7 expression by CD3
+
 T-cells b) %positive and c ) Positive Intensity Ratio (IR). 

 
 
 

Homing 
Molecule 

Source n Median  Mean  SEM  Range p value 

CCR10 

(%ve) 

Control 20 3.67 4.56  0.95 0.04 - 13.2 

p=ns 
CD 14 0.99 3.32  1.48 0.18 - 14.9 

CCR4 

(%ve) 

Control 17 5.29 7.14  1.42 1.90 - 26.9 

p=ns 
CD 10 7.00 7.56  0.74 4.69 - 11.9 

CLA 

(%ve) 

Control 15 6.31 6.39  1.60 0.00 - 17.8 

p=ns 
CD 14 2.05 5.91  2.21 0.00 - 26.6 

7 

(%ve) 

Control 20 70.9 70.5  2.10 43.7 - 86.5 

p=ns 
CD 11 69.6 67.7  2.50 48.9 - 79.2 

7 

(IR) 

Control 20 10.8 10.9  0.85 4.70 - 16.8 

p=ns 
CD 11 7.90 8.99  0.91   5.50 - 14.8 

 
 
Table 6.5  Homing Marker Expression by CD3

+
 T-cells in Peripheral Blood of Healthy Controls and Crohn’s  

Disease Patients  (SEDmax percentage cells positive - %+ve; IR – intensity ratio; SEM – standard error of the 
mean; p value (mean). 
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6.5 Discussion 

 

6.5.1 Dendritic Cells 

We hypothesised that an abnormal gut homing profile by circulating DC may play a role in 

the immune dysregulation of Crohn’s Disease.  CD is characterised by the recruitment of 

circulating mononuclear cells, in particular effector T-cells, to the intestine (Burgio et 

al.,2005).  Furthermore, monoclonal antibodies to 7 block interactions with MAdCAM-1, 

thereby decreasing homing of lymphocytes to the intestine and ameliorating intestinal 

inflammation in animal models of colitis (Hesterberg et al.,1996). 

 

In this study, we have demonstrated that peripheral blood DC can be identified in adequate 

numbers to determine homing molecule phenotype by using a combination of HLA-DR 

expression, exclusion of non-DC cell lines and gating strategy during flow cytometry analysis.  

Our data did not demonstrate significant differences in the expression of skin (CCR10, CCR4) 

or gut (7) homing molecule expression by peripheral blood DC when CD patients and 

healthy control were compared.  In particular, the absence of a significant difference in 7 

integrin expression by the 2 main DC subsets (myeloid and plasmacytoid) suggests that 

dysregulated expression of 7 by peripheral DC does not contribute to the disease state in 

active CD.  Alternatively, the dysregulated DC have already trafficked to the inflammed gut 

and do not recirculate in significant numbers, hence were not detected in the circulation. 

 

It is possible that our data may reflect confounding factors such as patient selection.  For 

example, several of the CD patients in our cohort were being treated with a thiopurine, a 

powerful immunomodulator which functions to deactivate key processes in the 

inflammatory pathways of IBD, including promotion of T-cell apoptosis (Neurath, 2010). In 

addition, thiopurines impair in vitro differentiation of DCs and have an inhibitory effect 

during DC activation processes inducing a functionally less immunogenic phenotype.  

Moreover, thiopurines significantly reduce DC IL-23 production and CCR7 expression, at the 

same time inducing IL-10 augmentation (Aldinucci et al., 2010).  It is feasible, therefore that 

thiopurine induction of tolerogenic DC may also affect subsequent homing marker 

expression by the T-cells they stimulate or expression by the DCs themselves. The cohort of 

patients in this study was not large enough to compare differences between patients on or 
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off thiopurines.  Future work should aim to avoid patients on immunomodulation, or 

perhaps a direct comparison with thiopurine treatment to confirm a difference in homing 

expression. 

 

Furthermore, although all patients had demonstrated radiological or endoscopic evidence of 

active CD at the time of blood sampling, the disease activity as measured by the HBI ranged 

from 1 to 9.  On this basis, symptomatic disease activity was at most mildly active and in 

some cases suggestive of clinical remission.  HBI is a simplified version of the CDAI, the most 

broadly accepted clinical disease activity score used worldwide in clinical trials (Best et al., 

1976) , but evaluates fewer factors over a shorter time period (24hrs rather than 7 days).  

Although the HBI closely correlates with the CDAI (r=0.88) (Harvey & Bradshaw,1980), there 

is often a poor correlation between clinical disease activity and endoscopic disease.  The HBI 

also is dependent on accurate patient reporting of symptoms over a single 24 hr period, 

which can fluctuate day to day.  Hence, the relatively small cohort number of 11 CD 

patients, a mixture of ileal and ileocolonic disease and potential inaccuracies in recording 

precise disease distribution in the medical records may also have reduced our ability to 

detect subtle changes in DC homing phenotype and prevented correlation with the HBI. 

 

Although, we found no significant difference in homing molecule expression when the same 

DC subsets (i.e. m-DC vs. m-DC) were directly compared in the healthy and disease states; 

there was a significant difference in 7 integrin expression between the 2 main 

subpopulations of DC (i.e. m-DC vs. p-DC), in both controls and CD.  Plasmacytoid (CD11c-) 

DC expressed significantly less (p<0.001) percentage of cells positive for 7 integrin 

expression than myeloid (CD11c+) DC (Control group: 81.0  2.40% vs. 95.1  1.24%).  A 

similar difference was seen in the CD patients.  This data is in keeping with one of the few 

published papers analysing the expression of homing molecules by DC in healthy controls 

(n=19) and CD (n=49), which reported greater 7 expression by the m-DC subpopulations in 

peripheral blood using specific DC markers to identify p-DC (BDCA2+CD123+) and two 

subgroups of m-DC: m-DC1 (CD11c+BDCA1+CD14-CD19-) and m-DC2 (BDCA3+HLA-DR+) 

(Baumgart et al.,2005). This difference in 7 expression may reflect a relative importance of 
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m-DC in the gut or dictate compartmentalisation of DC within the gut itself i.e. m-DC largely 

epithelial and p-DC largely lymphoid tissue. 

 

In addition, Baumgart et al also demonstrated that in active CD, the fraction of DC 

constituting PBMC decreased in all 3 peripheral blood DC subset, correlating highly with 

disease activity indices (HBI) upon linear regression analysis.  Healthy controls were found to 

have mean p-DC and m-DC1 vital PBMC fractions of 0.41% and 0.25% falling to 0.11% and 

0.14% respectively in acute flare-ups.  In both health and acute IBD, an immature state of 

maturation also existed for both p-DC and m-DC (low expression of CD86 and CD62L; 

virtually no CD80, CD83 and CD40).  Hence, the authors concluded that patients with acute 

IBD flare-ups lack immature DC in the peripheral blood.  The same group report that higher 

expression of 47 by peripheral blood m-DC correlated with both their own preliminary 

intestinal DC data and that of others (te Velde et al.,2003), which showed a rise of the 

myeloid subpopulations in active IBD. They proposed that a global reduction in peripheral 

blood DC could represent increased migration to the secondary lymphoid organs of the gut 

in the diseased state, particularly m-DC. 

 

Our laboratory has recently demonstrated that in a healthy state the circulating HLA-DR+Lin- 

DC population possessed a multi-homing phenotype, co-expressing β7 integrin and CLA 

(70.83  4.04%) with the capacity to migrate to both of the two major immune surface 

organs of the body – the gut and the skin.  These DC lacked expression of lymph node 

homing marker CCR7, and as confirmed in our data, negligible/very low skin homing 

markers, CCR4 and CCR10 (Mann et al.,2010).  This suggests that in the steady state, circulating 

DC are not committed to migration to lymphoid tissues or other specific tissue.  The fact 

that there is heterogeneity in homing potential of circulating DC, which tend to have not yet 

reached full maturity (Baumgart et al.,2005; Proietto 2008), suggests additional signals are 

required for homing to specific tissues.  Indeed, DC isolated from the skin and gut have lost 

their multi-homing phenotype demonstrating tissue-specific profiles.  Hence, it is likely that 

following antigen encounter or exposure to other signals within a specific tissue, DC express 

tissue specific homing characteristics as well as a capacity to specifically imprint their 

homing profile on naïve T-cells.  
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Interesting, as yet unpublished, work from our laboratory has also demonstrated that 

peripheral blood monocytes (CD14Hi) also express high surface homing marker levels of 

CCR9 (>90% cells positive) and a homogenous lower level of 7 integrin, suggesting they are 

programmed to home to the intestine.  It is perhaps not surprising that these DC precursors 

should be destined for the largest immune organ in the body and its secondary lymphoid 

tissue.  Of note, CD14+ monocytes subsequently lose a gut homing profile upon 

differentiation in culture into MoDC in vitro, possibly related to the absence of tissue 

specific signals present in vivo (Personal communications H. Omar Al-Hassi / D. Bernado-

Ordiz, APRG). 

 

Hence, upon reaching the gut, the local tissue microenvironment may condition the newly 

arrived DC or their precursors, and is increasingly recognised to be important in determining 

homing capacity, immunogenicity and imprinting of specific T-cell homing properties.  The 

role of vitamins A and D in these microenvironments is also increasingly relevant 

(Sigmundsdottir et al., 2007; Bernardo et al., 2010; Mann et al.,2010). 

 

6.5.2 T-cells 

Our data demonstrates that the majority of total circulating CD3+ T-cells are 7+, with a 

percentage of cells positive in the order of 70% or more (Figure 6.15).  In contrast, 

expression of CLA was low whilst CCR4 and CCR10 were very low or negligible.  Hence, the 

majority of blood T-cells appear to be programmed for homing to the gut.  Nevertheless, it 

is interesting that we did not detect significant differences in 7 expression between in our 

cohort of CD and healthy individuals especially given the importance of 7 in the mucosal 

inflammatory process of IBD, as clearly demonstrated by the efficacy of anti-7 monoclonal 

antibodies in IBD (Hesterberg et al.,1996). 

 

Again it is feasible that in the presence of intestinal inflammation no differences were 

detected as the relevant cells have already migrated to the gut or there is limited 

recirculation of tissue specific T-cells.  However, there may be more subtle and complex 

differences in CD3+ T-cell (sub)populations and homing potential which occur in the diseased 

state whilst simple positivity for 7 may not commit T-cells to home solely to the gut.   For 
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example, although overall total CD3+ T-cell 7 expression did not differ between controls 

and CD patients, it is possible that other cytokine-mediated integrin up-regulation on 

endothelial cells may lead to lymphocyte recruitment by mechanisms independent of 

MAdCAM−1/β7 interactions.  For example, high levels of TNF-α in active DC induce 

expression of ICAM-1 and VCAM-1 on endothelial cells which may allow lymphocytes 

expressing integrins other than α4β7 to gain access to intestinal tissue (Watanabe et 

al.,2002; Nakamura et al.,1993). 

 

The expression of the integrin β7 on circulating T cells is heterogeneous (Erle et al.,1994; 

Schweighoffer et al.,1993), in part due to constitutive expression by naïve T-cells (CD45RA+) 

which express β7 at an intermediate or low level (Hart et al.,2004).  Memory T cells that 

express β7+ home to mucosal lymphoid tissue (Williams & Butcher, 1997) and may 

recirculate through the gastrointestinal tract (Mackay et al., 1996).   Hart et al and others 

(Meenan et al.,1997), have shown that the distribution of T-cells between the naive and the 

memory pool differed between the CD patients and the healthy controls in which the both 

the absolute numbers and proportion of CD45RA+ naive T cells was significantly decreased 

in CD patients with a corresponding increase in CD45RA− memory T-cells.  Expression of the 

integrin β7 by memory lymphocytes in peripheral blood appears to delineate an intestinal 

memory population that has been primed in the gut and is homing back to intestinal tissue, 

hence these findings have been explained by a redistribution of T-cells from the naïve to the 

primed pool as a consequence of chronic inflammation due to increased recruitment from 

the circulation to intestinal tissue with subsequent tissue specific gut activation and then 

recirculation. In CD, memory T cells produced less IL-10 and more TGF-β than cells from 

healthy controls with no change in the other cytokines studied, suggesting a selective 

alteration in cytokine-producing cells associated with Crohn's inflammation (Hart et 

al.,2004). 

 

Finally, although the majority of blood T-cells appear to be re-circulating to the gut (7+), 

the majority of 7+ T-cells also express a “naïve” phenotype suggesting they could acquire 

capacity to migrate elsewhere (Mann et al., 2008).  In contrast to multi-homing circulating 

DC, our laboratory (Mann et al.,2010) has recently demonstrated that in a healthy state 

circulating T-cells showed opposing patterns of homing marker expression with single 
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positivity for either gut homing β7 integrin (mainly “naïve” CD45RO- cells) or skin homing 

marker CLA (mainly “memory” CD45RO+ cells).  The memory phenotype of the skin homing 

T-cells suggests recent activation in the skin, while the naïve phenotype of the gut homing T-

cells suggests that upon stimulation, these cells could acquire the capacity to migrate 

elsewhere.  Furthermore, tissue post coding is likely to be more complex than first thought, 

as homing markers do not appear entirely exclusive to specific tissues. For example, the 

chemokine receptor CCR10 (“skin homing”) has been detected in cells within the colon 

whilst a ligand similar to CCL28, the ligand for CCR10, has been detected in the small bowel 

and colon (Pan et al.,2000). 
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Abstract 

Background 

Gamma-Delta (γδ) T-cells are innate lymphocytes, enriched at epithelial surfaces such as the 

skin, lung and gut. The physiological functions of γδ T-cells are unclear but they appear to 

play a role in modulation of epithelial inflammation.  They can recognise a wide range of 

self-antigens including stress antigens, but also detect microbial antigen independently.  

Crosstalk between γδ T-cells and myeloid cells, promotes DC maturation and production of 

the inflammatory cytokine IL-12.  Human peripheral γδ T-cells may also possess regulatory 

potential, thereby potentially modulating the adaptive immune response.  γδ T-cells may 

also be required for epithelial maintenance and healing.  The role of γδ T-cells in IBD is not 

clear with several contradictory reports in the literature, some demonstrating a protective 

role in gut mucosa, yet others implicating them in the exacerbation of disease. 

 

We aimed to investigate the circulating γδ T-cell population in healthy controls and IBD in 

order to identify if dysregulation of migratory profiles and activation contributes to the 

disease process.  The majority of γδ T-cell studies have previously been carried out on 

mouse models or human cell lines.  

 

Methods  

Multi-colour flow cytometry identified expression of homing molecules and activation status 

on γδ T-cells in the peripheral blood of healthy controls and active IBD patients (UC and CD). 

 

Results In collaborative data, peripheral blood γδ T-cells were identified in healthy human 

controls as a gut-homing CD3hi population of cells with a predominately pre-activated 

phenotype.  In contrast with conventional circulating T-cells, there was no virtually 

expression of skin-homing molecules (CCR4, CLA), gut-homing CCR9 or lymph node homing 

marker CCR7 on circulating γδ T-cells in the healthy state.  However, the majority of γδ T-

cells did express gut homing marker β7 integrin. Co-stimulatory molecule CD28 was 

expressed on γδ T-cells, although on a lower proportion than total T-cells.  

 

In healthy subjects, γδ T-cells constituted 4-5% of circulating T-cells in the peripheral blood, 

but number and proportion of circulating γδ T-cells in IBD patients was significantly reduced.  
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In IBD a greater proportion of γδ T-cells expressed gut-homing marker CCR9, whilst CD28 

expression was unchanged.  

 

We also demonstrate aberrant expression of skin-homing molecules on γδ T-cells, 

conventional T-cells and DC in a patient with extra-intestinal cutaneous manifestations of 

IBD supported by comparison upon clinical resolution in response to treatment with 

corticosteroids. 

  

Discussion  

Human γδ T-cells circulating in the healthy steady-state are potentially capable of migration 

largely towards intestinal sites by virtue of gut homing B7 expression, but not the skin, 

despite reported epithelial enrichment in the skin and lung, as well as at intestinal sites.  γδ 

T-cells may acquire skin tissue-homing potential upon activation with recruitment to sites of 

inflammation during disease via alternative chemokine-receptor pathways.  We also 

demonstrate circulating γδ T-cells with skin-homing potential in cases of cutaneous 

manifestations of IBD, not present in healthy controls or IBD without skin manifestations of 

disease. 

 

The expression of CD28 on γδ T-cells suggests co-stimulation via CD28 may be important for 

γδ T-cell activation in certain cases.  Nevertheless, it is recognised that γδ T-cell activation 

can occur by several pathways, in which case co-stimulation via CD28 may not be wholly 

necessary.  

 

Dysregulation of the migratory profile of γδ T-cells in the context of IBD and associated 

cutaneous manifestations is likely to be a key factor in the disease process. Circulating γδ T-

cells appear equipped for migration to the gut by virtue of 7 expression, but this may to 

some degree be constitutive (as in naïve T-cells).  In IBD, the loss of γδ T-cells from the 

peripheral blood and apparent increase in CCR9 expression, suggests that these losses may 

be due to preferential migration towards the inflamed gut mucosa.  γδ T-cells are likely to 

play an important role in the in intestinal inflammatory activity in IBD, however whether this 

is protective or contributes to the pathoaetiology remains unclear.  
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Chapter 7 

Gamma Delta (γδ) T-cells in Health and Inflammatory Bowel Disease 

 

7.1 Background 

 

γδ T-cells are innate lymphocytes which constitute a minor population of T-cells (1-10%) in 

human peripheral blood (Haas et al.,1993) but they are enriched at immunologically 

privileged epithelial sites such as the skin and gut (Tonegawa et al.,1989).  Indeed, in the 

both the human and murine gut, γδ T-cells constitute a large proportion (30-60%) of the 

intra-epithelial lymphocytes (IEL), the majority of which are T-cells (Deusch et al,. 1991).  In 

contrast, in the immediately adjacent intestinal lamina propria, γδ T-cells constitute less 

than 5% of the total lymphocyte population.  Gut epithelial tissue is constantly exposed to 

pathogenic microorganisms, toxic substances and inflammatory molecules.  The relatively 

high proportion of γδ T-cells in epithelial tissues suggest they are likely to play a substantial 

role in the generation and/or regulation of inflammatory responses in the intestinal mucosa.  

Altered γδ T-cell function may therefore be involved in the dysregulated mucosal immunity 

of IBD. 

 

The physiological role of γδ T-cells is not yet fully understood whilst the experimental data 

in the literature to date can be contradictory. Although, γδ T-cells may respond rapidly to 

pathogenic organisms and stress induced ligands, there is emerging evidence that γδ T-cells 

may have protective functions, such as regulating excessive αβ T-cell mediated 

inflammatory responses, modulating DC and promoting repair in epithelial tissues (Wu et 

al., 2009). 

 

7.1.1 γδ T-cells in Inflammatory Bowel Disease 

 

The role of the significant fraction of IEL γδ T-cells in the gut mucosa of humans under 

normal and disease conditions remains unclear but there is increasing evidence of 

dysregulation of this population in inflammatory diseases of the gut, including IBD and 

Coeliac Disease.  
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Alterations in γδ T-cells have been reported in dermatological manifestations of intestinal 

inflammatory diseases.  In patients with Coeliac Disease, a selective increase in the numbers 

of γδ T-cells were found both inflamed small bowel and the associated cutaneous lesion 

Dermatitis herpetiformis (Holtmeier et al., 2002).   

 

Distinctly altered γδ T-cell populations have also be reported in IBD patients.  Using flow 

cytometry and reverse transcriptase-polymerase chain reaction (RT-PCR), increased 

numbers of γδ T-cells were localised in areas of inflammation and tissue injury in a majority 

of patients irrespective of the type of IBD (McVey et al.,1997).  This expansion was 

attributable to an increase in Vδ1+ cells, whilst in addition, the γδ TcR repertoire was also 

significantly different between the inflamed and the non-inflamed colon (predominately 

Vδ1-Jδ1), implying involvement of different local γδ subpopulations. However, contradictory 

variation exists between published immunohistochemical analyses of mucosal γδ T-cells 

reporting either fewer or no difference in γδ T-cells between the normal and inflamed 

mucosa (Trejdosiewicz et al.,1991; Fukashima et al.,1991). 

The γδ T-cells that accumulate in the inflamed mucosa of patients with CD possess two 

functional characteristics that are relevant to the pathophysiology of IBD.  Firstly, in the 

inflamed mucosa, Vδ1+ cells in particular, were a major source of the proinflammatory 

cytokine IFNγ (long known to mediate epithelial cell injury). The second characteristic was 

the selective adherence and interaction of mucosal γδ T-cells, again particularly Vδ1+ cells, 

with intestinal-derived fibroblasts (McVay et al,.1997). The processes regulating normal 

fibroblast activity are poorly understood; however, uncontrolled fibroblast proliferation, 

excessive collagen secretion, and fibrosis can cause severe tissue damage and may be 

relevant in the stricturing clinical phenotype of CD. 

 

There is also evidence that γδ T-cells may play a protective role in various animal models of 

chronic inflammation (such as EAE and collagen-induced arthritis), via production of various 

anti-inflammatory cytokines and growth factors (e.g. TGF-).  This observation suggests that 

a similar protective effect of γδ T-cell may exist in IBD.  Indeed, a regulatory role in the 

human intestine has been suggested by the demonstration that a substantial proportion of 

γδ TCR IEL from normal duodenal mucosa were able to proliferate and secrete regulatory 

cytokines such as TGF-β1 in response to exogenous phospholipids (Neurath et al,. 1996).  
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A protective role of γδ T-cells was supported by γδ T-cell depletion of rats which increased 

mortality in TNBS-induced colitis (Nanno et al,.2007) or IL-2 knockout mice, associated with 

increased histological severity of disease, increased IFN and reduced IL-10 production by 

lamina propria lymphocytes.  A regulatory role for γδ T-cells in vivo is also supported by the 

observation that γδ T-cells isolated from MLN of mice were hyporesponsive to CD3/CD28 

stimulation and suppressed CD4+ T-cell proliferation in the MLR.  The transfer of γδ T-cells 

also ameliorated TNBS-induced colitis resulting in prolonged survival and reduced 

histological damage, accompanied by reduced TNF- and increased IL-10 and TGF- 

secretion from intestinal lymphocytes (Hoffman et al,. 2008).   

 

The role of γδ T-cells in modulating other IECs was highlighted in γδ TCR-deficient mutant 

mice associated with reduced epithelial cell proliferation in intestines lacking γδ IELs 

(Komano et al,1995; Nanno et al,.2007), a phenomenon not seen following depletion of αβ 

IEL alone.  The healing role of intestinal γδ IEL was also evaluated in the DSS-induced mouse 

colitis model in which large numbers of γδ T cells, but not αβT cells, were localized at sites of 

DSS-induced epithelial cell damage.  γδ IEL in DSS treated wild-type mice (TCR+/+) expressed 

keratinocyte  growth factor (KGF) which were were less prone to DSS-induced mucosal 

injury and delayed healing than γδ cell-deficient (TCR−/−) mice (Kuhl et al,2003) or KGF-

deficient (KGF−/−) mice (Halstensen et al,.1989). This was not observed case in αβ T-cell-

deficient mice (TCRα−/−).  Termination of DSS treatment resulted in vigorous epithelial cell 

proliferation in wild-type mice but not in TCRδ−/− mice or KGF−/− mice.  These findings may 

be analogous to mouse atopic dermatitis models in which epidermal γδ TcR expressing 

dendritic epidermal T-cells (DETC) are thought to limit the inflammatory damage caused by 

αβ T-cell mediated immune responses (Sharp et al,.2002).  

 

In contrast, other groups have argued for a role of γδ T-cells in exacerbating models of 

colitis.  The TCR-deficient mouse develops spontaneous chronic colitis under convention 

conditions (non germ-free) with features of human UC and increased colonic γδ T-cells.  

Creation of a double knockout TCR-/- γδTCR-/- mice lead to significantly less severe colitis 
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compared to single knockout TCR-/- mice, with an associated reduction in 

proinflammatory cytokines (Nanno et al,. 2007). 

 

In summary, the evidence regarding γδ T-cell function presented in the literature is complex 

and at times contradictory. On one hand, γδ T-cells are capable of driving DC maturation 

and producing powerful TH1 immune responses and can react to self-antigen with 

implications in hypersensitivity reactions.  In contrast, γδ T-cells may also be involved in the 

control of excessive αβ T-cell mediated inflammatory responses, cytolytic removal of 

damaged/infected cells and the localised supply of epithelial cell growth factors, thereby 

promoting immunological homeostasis and preserving the integrity of stressed or injured 

intestinal mucosa.  

  

 

7.2  Hypothesis and Aims 

 

Circulating human  T-cells express both gut- and skin-homing molecules and expression 

of these molecules and activation status is reportedly altered in IBD (Chapter 6).  Migration 

and homing molecules have yet to be characterised on human γδ T-cells. We hypothesised 

that dysregulation of these parameters may also be demonstrable in the circulating γδ T-cell 

population in IBD.   

 

We sought to identify this small population of unconventional T-cells in healthy human 

controls and assess molecules which determine homing to the skin or gut, as γδ T-cells are 

enriched as various different epithelial sites.  The primary activating receptor for 

conventional T-cells is the T-cell receptor which combines with co-stimulatory receptor 

CD28 (which itself binds CD80/CD86 expressed on professional antigen-presenting cells); 

although γδ T-cells irrefutably expand upon stimulation in vivo (Caldwell, Everett et al., 

1995), it is unclear whether CD28 engagement is necessary for activation of γδ T-cells.  We 

then analysed γδ T-cells in the context of inflammatory bowel diseases.  

 

The data presented represents collaboration between the candidate and Dr. Elizabeth 

Mann.  The relevant contribution of each individual is clearly stated in the results section.  
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The candidate, under direct observation (during initial laboratory training) and 

independently, conducted and analysed several of the peripheral blood γδ T-cells 

phenotyping experiments. The clinical case report was based on a patient identified, 

recruited, treated and followed up by the candidate whilst laboratory analysis was 

conducted by Dr. Mann.  Chapter discussion is based on the interpretation of the data by 

the candidate. 

 

 

 

7.3 Methods 

 

PBMC from healthy controls and active IBD patients (UC and CD) were labelled with 

monoclonal antibodies to identify γδ T-cell populations and the expression of homing and 

activation molecules by multi-colour flow cytometry. 

 

UC and CD patients were required to demonstrate evidence of active disease according to 

disease indices or have current endoscopic evidence (<1 month) of active mucosal 

inflammation. Disease activity was based on clinical indices (SCCAI >5 or HBI >6).  Patient 

inclusion criteria included those on established therapy with azathioprine (Thiopurine) or 5-

Aminosalicylic acid (5ASA).  Patients receiving corticosteroids, other immunosuppression 

(e.g. methotrexate) or biological therapies (e.g. anti-TNF) were excluded.   

 

For all blood samples, data was collected for patient demographics, current therapeutic 

drug use (5ASA, thiopurines), distribution of disease and disease activity indices (SCCAI, 

HBI).  A complete data set was not available for inclusion in the thesis at the time of 

submission. 
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7.4 Results 

 

7.4.1 Identification of human blood γδ T-cells in the peripheral blood of healthy subjects 

 

The γδ T-cell population was successfully identified within the lymphocyte gate (Figure 7.1a) 

as CD3+ (Figure 7.1b) and expressing the γδ T-cell receptor (Figure 7.1c).  

 

 

a) b) c)  

 

 

Figure 7.1 Identification of human peripheral blood γδ
 
T-cells within PBMC. Representative example of flow 

cytometry data (n=16).  a) Identification of viable lymphocytes (circled) at flow cytometry using FSC and SSC 

characteristics. b) Identification of CD3
+ 

lymphocytes (gated) within the viable lymphocyte gate (R1). c) 

Identification of γδ
+
 T-cells within CD3

+
 T-cell population (R2) histogram to identifiy T-cells expressing a γδ TCR 

(γδ T-cells).  In this example, γδ
+ 

T-cells comprised 2.29% of the total circulating T-cell population. Histograms 

were compared to isotype-matched controls.  

 

 

 

7.4.2  Circulating γδ T-cells are CD3hi 

 

Upon analysis of CD3 expression, we demonstrated that circulating γδ T-cells are CD3Hi, 

expressing a higher level of CD3 relative to the total circulating CD3+ T-cell population 

(Figure 7.2). 

 

R1 

R2 



214 

 

 

Figure 7.2 CD3 expression by γδ T-cells in peripheral blood. Representative data demonstrating γδ
+
 T-cells 

(black) back-gated onto the CD3
+ 

T-cell population. Data was compared to isotype-matched controls (Example 

histograms courtesy of E. Mann, collaborative data set, n=16). 

 

7.4.3 Tissue homing markers expression by circulating γδ T-cells 

 

In healthy controls, the majority of circulating γδ+ T-cells expressed the gut-homing 

molecule β7 integrin.  In contrast, expression of small intestine homing marker CCR9 was 

negligible (Figure 7.3).  

 

 

Figure 7.3  Gut homing β7 and CCR9 expression by γδ T-cells. Representative flow cytometry histograms 

showing percentage of γδ
+
 cells positive for a) β7 (93.9±1.5%, n=16) and b) CCR9 (0.5±0.1%, n=5). Data were 

compared to isotype-matched controls (Histograms courtesy of E. Mann, collaborative data set). 

 

Gut homing β7 expression by the total CD3+ T-cell population revealed the majority of cells 

were positive.  However, a significantly greater proportion of γδ T-cells expressed β7 (Figure 

7.4).  

 



215 

 

 
 

Figure 7.4  β7 integrin expression on total CD3
+ 

T-cell and γδ T-cells. Proportion of total circulating CD3
+
 T-

cells (77.0±1.3%, n=15) and γδ T-cells (93.9±1.5%, n=16) expressing β7. The difference in B7 expression was 

highly statistically significant (p<0.001***). Error bars represent SEM. Collaborative data set. 

 

 

Despite enrichment of γδ T-cells in the skin, the expression of skin-homing markers CLA, 

CCR4 or CCR10 on circulating γδ T-cells was minimal (Figure 7.5), in contrast to the majority 

expression of 7. 

 

a) b) c)  

Figure 7.5  Skin homing marker expression by γδ T-cells. Representative flow cytometry data showing 

proportions of γδ
+
 T-cells expressing a) CCR10 (0.2±0.1%, n=5). b) CCR4 (1.6±0.6%, n=8) and c) CLA (0.8±0.3%, 

n=9). Data were compared to isotype-matched controls. (Histograms courtesy of E. Mann, collaborative data 

set, n=15). 

 

 

The circulating CD3+ T-cell population expressed CLA and CCR4 (Chapter 6), however 

expression of CCR10 was negligible.  Expression of CLA and CCR Circulating by circulating γδ 

T-cells was significantly less than the total CD3+ T-cell population (Figure 7.6). 
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a) b)   

Figure 7.6  CLA and CCR4 expression by total T-cell and γδ T-cells. a) Proportions of total circulating T-cells 

(12.6±1.8%, n=15) and γδ T-cells (0.8±0.3%, n=9) expressing CLA (p<0.001***). b) Proportions of total 

circulating T-cells (16.9±1.6%, n=10) and γδ T-cells (1.6±0.6%, n=8) expressing CCR4.  Error bars represent SEM. 

 

 

Lymph node homing marker CCR7 was expressed on a range of proportions of γδ T-cells 

(0.0-46.4%); however, a significantly lower proportion of γδ cells expressed CCR7 than the 

total T-cell population (Figure 7.7).  

 

a)  b)   

 

Figure 7.7 CCR7 expression by total T-cell and γδ T-cells. Proportion of total circulating T-cells (67.1±3.3%, 

n=13) and γδ T-cells (16.4±4.8%, n=12) expressing CCR7  (t-test, p<0.001***). Error bars represent SEM. 

 

 

7.4.4  Expression of activation markers by circulating γδ T-cells 

The activation status of γδ T-cells was investigated in circulating human γδ T-cells in the 

healthy state. Although memory (CD45RO+) γδ T-cells constitute a small proportion of the 

total circulating γδ T-cell population (Eberl et al.,2002), it is currently unclear whether γδ T-

cells significantly utilise the co-stimulatory molecule CD28 during T-cell activation. Indeed, 
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human γδ T-cells are reportedly unresponsive to anti-CD3/CD28 stimulation (Kuhl et 

al.,2009). 

 

We demonstrated that the majority of circulating γδ T-cells expressed co-stimulatory 

molecule CD28, the presence of which suggests that γδ T-cells do utilise CD28 at some stage 

of T-cell activation. However, a significantly greater proportion of the total T-cell population 

expressed CD28 (Figure 7.8b), suggesting a greater requirement for CD28 in the activation of 

the conventional αβ T-cell population.   

 

a)    b)  

 

Fig 7.8 Expression of CD28 by Peripheral Blood γδ 
+ 

cells a) FACS histogram showing representative expression 

of CD28 by Peripheral Blood γδ 
+
cells. b) CD28 expression by total and γδ T-cells. Proportions of total 

circulating T-cells (88.1±3.4%, n=9) and γδ T-cells (53.9±6.5%, n=9) expressing CD28 (Paired t-test p<0.001***). 

Error bars represent SEM 

 

 

7.4.5  γδ T-cells in Inflammatory Bowel Disease 

 

Having characterised the homing profiles of human γδ T-cells in the peripheral circulation of 

healthy individuals, we aimed to investigate any alterations in the potential migration 

patterns of these cells in the context of active IBD (UC and CD). 

 

There was a significant reduction in both number and proportion of overall circulating γδ 

TcR+CD3+T-cells in the peripheral blood of both active UC and CD patients when compared 

with healthy controls (Figure 7.9).  
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a) b)  

Figure 7.9   Reduced proportion and number of circulating γδ T-cells in IBD. a) Proportion of circulating γδ T-

cells in healthy controls (5.7±1.0%, n=16) and IBD (2.0±0.4%, n=16).  b) Absolute number of circulating γδ T-

cells (x10
3
) per ml of blood in healthy controls (44.5±11.8, n=16) and IBD (7.6±1.5, n=16), unpaired t-test 

p<0.01**). Error bars represent SEM (Courtesy of E. Mann, collaborative data set). 

 

 

Although there was no change in expression of skin-homing markers CLA, CCR4 and CCR10, 

gut-homing marker β7 or lymph-node homing marker CCR7 by γδ T-cells when healthy 

controls were compared with IBD patients (data not shown), there was an increase in the 

proportion of circulating γδ T-cells expressing gut-homing marker CCR9 in IBD patients.  

Although further samples are needed for validation, the data indicates a significant increase 

(p<0.05) in the proportion of CCR9+ γδ T-cells in IBD (13.0 ± 5.9%, n=4) compared with 

healthy controls (0.5 ± 0.1%, n=5).  This increase in CCR9 expression by γδ T-cells was not 

observed in the total circulating T-cell population.  

 

In order to investigate any relevant alterations in the activation status of γδ T-cells in IBD; 

CD28 expression was again determined.  Although there was no change in expression of co-

stimulatory molecule CD28 on γδ T-cells in IBD compared with healthy controls, expression 

on the total circulating T-cell population was reduced in IBD (data not shown).  Again, 

further samples are needed for validation, but the data indicates a significant decrease 

(p<0.05) in the proportion of total circulating CD28+ T-cells in IBD (68.8 ± 2.1%, n=3) 

compared with healthy controls (88.1 ± 3.4%, n=9).  
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Taken together, these data indicate increased migration towards intestinal sites by γδ T-cells 

in IBD, which may provide an explanation for the loss of γδ T-cells from the circulation in IBD 

(figure 7.9).   

 

7.4.6 Dysregulation of leucocyte migration in cutaneous manifestations of IBD 

 

Erythema nodosum (EN) is one of the most common cutaneous manifestations of IBD (10% 

UC and 15% CD patients). EN is unrelated to the severity or extent of the disease but is often 

related to disease activity.  The causes of extra-intestinal manifestations (EIM) of IBD are 

poorly understood.  We have discussed that this may be a result of aberrant homing and 

trafficking of immune cells (Chapter 2), indeed changes in phenotype and function of γδ T-

cells have previously been demonstrated in both atopic dermatitis (Cairo et al.,2005; 

Katsusta et al,.2006) and IBD (McVay et al,1997). Therefore, we analysed expression of 

leucocyte migration markers in patients with skin manifestations of IBD; focusing in 

particular on γδ T-cells, which are enriched in organs containing epithelia such as skin and 

intestine.   

 

The occurrence of active cutaneous disease itself is relatively infrequent in clinical practice.  

Hence, due to the limited availability of samples, we were only able to analyse γδ T-cells in 2 

EN patients, and additional leucocytes (e.g. DC) in one of them.  Despite acutely active EN, 

both patients met the criteria for IBD in clinical remission based on HBI alone, although the 

patient described in the case report below had confirmed concurrent active endoscopic 

disease.  Although to date we only have single samples in these cases, in light of the 

extensive data collected in healthy controls and IBD only, we considered the findings in 

these informative EN samples to be relevant.  

 

Expression of skin-homing marker CLA was negligible on circulating γδ T-cells in both healthy 

controls and patients with active IBD, however increased CLA expression was detected on γδ 

T-cells was detected in the 2 patients with IBD and EN (Figure 7.10).  
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Figure 7.10 Aberrant expression of CLA on γδ T-cells in erythema nodosum. Flow cytometry histograms 

demonstrating proportions of circulating γδ T-cells in healthy controls (0.8±0.3%, n=9) active IBD (1.0±0.7%, 

n=6), and EN with inactive IBD (9.6% and 5.7%, n=2), expressing CLA. Histograms are representative of several 

independent experiments performed with similar results, and were compared to isotype-matched controls 

(Histogram courtesy of of E. Mann). 

 

 

This unique population of CLA+ γδ T-cells in EN did not express the gut-homing marker β7 

integrin, indicating this small population of cells were indeed skin-homing (Figure 7.11).  

 

 

 

Figure 7.11 Expression of tissue-homing markers on γδ T-cells in erythema nodosum. Flow cytometry data 

demonstrating distinct populations of circulating γδ T-cells in EN expressing gut-homing marker β7 and skin-

homing marker CLA. Data is representative of two independent experiments performed compared to isotype-

matched controls (Histogram courtesy of E. Mann). 

 

A more complete analysis of DC and T-cell homing expression was conducted on one of the 

2 EN patients.  This was presented in case report format as an abstract at the congress of 

European Crohn’s and Colitis Organisation (ECCO) 2010. 



221 

 

7.4.7 Case Report: A Skin-homing Leucocyte Phenotype in Cutaneous Extra-Intestinal 

Manifestation of IBD 

 

A 41 year old male with CD attended outpatient clinic complaining of recurrent skin rashes. 

Four years previously, endoscopic and histological findings had confirmed a diagnosis of 

Crohn’s Disease involving the distal colon (rectosigmoid).  During the preceding 12 months, 

he had presented with recurrent episodes of EN associated with lower gastrointestinal 

symptoms (rectal bleeding, urgency). These manifestations had previously responded to 

short courses of systemic corticosteroids. The patient was currently maintained on 

optimised daily doses of the thiopurine azathioprine (250mg daily at a dose of 2.5mg/kg) 

and daily 5-aminosalicylic acid suppositories.  

 

Despite reporting few gastrointestinal symptoms (HBI = 3), a recent flexible sigmoidoscopy 

had nevertheless demonstrated clinically significant superficial ulceration of the distal 

colonic mucosa extending up to 40cm from the rectum.  A physical examination revealed 

tender, hot and raised erythematous eruptions bilaterally over the extensor aspects of the 

lower legs and upper arms compatible with EN. A reducing course of oral Prednisolone 

(40mg daily) lead to rapid resolution of the EN and improvement (HBI =1) in general well-

being (Figure 7.12 a).  

 

a)        b)   

Figure 7.12 Bilateral erythema nodosum a) Acute EN and b) Resolution post cortico-steroids.  Similar lesions 

were visible on the extensor surfaces of his upper limbs. Reproduced with permission of the patient (Source – 

A.Milestone). 
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Total circulating T-cells and DC were also analysed. In EN, a greater proportion of total T-

cells (29.5%, n=1) expressed the skin-homing receptor CCR4 compared with both healthy 

controls (7.90 ± 0.98%, n=22) and active IBD patients without EN (9.87 ± 2.05%, n=13) 

(Figure 7.13). 

 

 

Figure 7.13 Increased expression of CCR4 on total circulating T-cells in erythema nodosum. Flow cytometry 

data demonstrating proportions of circulating T-cells in healthy controls (7.90±0.98%, n=22), active IBD 

(9.87±2.05%, n=15) and EN with inactive IBD (29.5%, n=1) expressing skin-homing marker CCR4. Histograms 

are representative of several independent experiments with similar results, and were compared to isotype-

matched controls (Histograms, courtesy of E. Mann, collaborative data set). 

 

The proportion of CD11c- plasmacytoid DC (pDC) expressing skin-homing receptor CCR4 

(Figure 7.14) and skin-associated homing receptor CCR10 (Figure 7.15) was also increased in 

EN and IBD compared with healthy controls and active IBD patients.  

 

 

 

Figure 7.14 Increased expression of CCR4 on circulating plasmacytoid (CD11c
-
) DC in erythema nodosum. 

Flow cytometry data demonstrating proportions of circulating CD11c
-
 DC in healthy controls (5.13±0.76%, 
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n=23), active IBD (5.18±1.34%, n=13) and EN (56.3%, n=1) expressing skin-homing marker CCR4. Histograms 

are representative of several independent experiments and were compared to isotype-matched controls 

(Histograms courtesy of E. Mann). 

 

 

Figure 7.15 Increased expression of CCR10 by circulating plasmacytoid (CD11c
-
) in erythema nodosum. Flow 

cytometry data demonstrating proportions of circulating CD11c
-
 DC in healthy controls (1.71±0.46%, n=17), 

active IBD (2.72±0.79%, n=12) and EN with inactive IBD (36.8%, n=1) expressing skin-homing marker CCR10. 

Histograms are representative of several independent experiments and were compared to isotype-matched 

controls (Histograms courtesy of E. Mann). 

 

A repeat analysis was performed after this particular EN patient was adminstered oral 

corticosteroids for 2 weeks (Prednisolone, 40mg daily), which led to rapid resolution of the 

EN (Figure 7.12 b) and improvement in general well-being. 

 

Following corticosteroid administration and resolution of EN, the CLA+β7- population of skin-

homing γδ T-cells was no longer present in the circulation (Figure 7.16).  
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Figure 7.16 Loss of CLA expression by circulating γδ T-cells post-corticosteroids. Flow cytometry data 

demonstrating a) Proportion of circulating γδ T-cells expressing skin-homing marker CLA in EN pre-steroids 

(9.6%) and post-steroids (1.3%) (top); b) Proportion of circulating γδ T-cells expressing skin-homing marker CLA 

and gut-homing marker β7 in EN pre- and post-steroids (bottom). Data represents a single experiment (n=1) 

and were compared to isotype-matched controls (Histograms courtesy of E. Mann). 

 

The proportion of total circulating T-cells expressing CCR4 was also reduced post-steroids 

(Figure 7.17), as were the proportions of pDC expressing skin homing markers CCR4 and 

CCR10 (Figure 7.18).  

 

 

Figure 7.17 Reduction of CCR4 expression by total circulating T-cells post-corticosteroids in erythema 

nodosum. Flow cytometry data demonstrating proportions of circulating T-cells in EN pre-steroids (29.5%) and 

post-steroids (11.6%) expressing skin-homing marker CCR4. Data represents a single experiment (n=1) and 

were compared to isotype-matched controls (Histograms courtesy of E. Mann). 
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Figure 7.18 Reduction of CCR4 and CCR10 expression on circulating plasmacytoid (CD11c
-
) post-steroid 

treatment in erythema nodosum. FACS histograms demonstrating proportions of circulating pDC in EN pre-

steroids (CCR4: 56.3%, CCR10: 36.8%) and post-steroids (CCR4: 32.6%, CCR10: 25.8%) expressing skin-homing 

marker CCR4 (top row) and skin-associated homing marker CCR10 (bottom row). Data represents a single 

experiment (n=1) and were compared to isotype-matched controls (Histograms courtesy of E. Mann). 

 

The proportion of all circulating DC expressing CLA post-corticosteroids was also reduced 

(Figure 7.19) so that the majority of DC then expressed β7 only, and not CLA.  We have 

previously shown that the majority of DC in healthy controls co-express the two tissue-

homing molecules (Figure 7.20).  

 

 

Figure 7.19 Reduction of CLA expression by total circulating DC post-steroid treatment in erythema 

nodosum. FACS histograms demonstrating proportions of circulating DC in EN pre-steroids (77.1%) and post-

steroids (39.2%) expressing skin-homing marker CLA. Data represents a single experiment (n=1) and were 

compared to isotype-matched controls (Histograms courtesy of E. Mann). 
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Figure 7.20 Effect of corticosteroids on dual homing marker (B7 /CLA) expression by DC in erythema 

nodosum.  Representative flow cytometry data showing the proportion of peripheral blood DC positive for β7 

(gut homing) and CLA (skin homing) by healthy controls (collaborative data, n=10).  The effect of treatment on 

homing marker expression in the EN case report patient (n=1) is shown pre-steroids and post-steroids. Data 

shows (mean ± SEM for control, mean only for EN) of CLA or β7 expression alone, co-expression of CLA/β7 and 

double negative expression (Image courtesy of E. Mann). 

 

 

In summary, these data indicate aberrant expression of skin homing molecules CLA, CCR4 

and CCR10 in cutaneous manifestations of IBD, not only on γδ T-cells but also on DC and 

total T-cells.  This enhanced skin-homing potential was not present in IBD patients without 

cutaneous manifestations or in healthy controls.  Administration of systemic corticosteroids 

to the patient with EN reduced the proportion of circulating T-cells and DC expressing skin-

homing molecules, as well as eliminating the unique population of skin-homing γδ T-cells 

from the circulation.  
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7.5 Discussion 

Despite constituting a small proportion of total T-cells, human γδ T-cells (γδ TcR+) were 

successfully identified in the peripheral blood of healthy controls and IBD patients.  

Nevertheless, it is important when interpreting our circulating γδ T-cell data, to be aware 

these data did not differentiate between the 2 main Vδ1/Vδ2 subsets. γδ T-cells are 

enriched at epithelial sites in the skin, lung, and gut (Tonegawa et al,.1989), but of course 

these may be of a separate lineage and exhibit subtle difference in mechanisms of activation 

(i.e. Vδ1+ versus Vδ2+ respectively) and/or γδ TcR repertoire than those in the circulation 

(Holtmeier et al.,2001).  

 

7.5.1 CD3 and CD28 expression  

The primary activating receptor for conventional T-cells is the TcR-CD3 complex, which 

combines with the co-stimulatory receptor CD28 to drive clonal expansion.  In keeping with 

this, our results demonstrate the majority of total circulating T-cells express CD28 as well as 

CD3.   We also have demonstrated that CD28 was expressed by γδ T-cells both in healthy 

controls and IBD patients, but to a lesser extent than the total T-cells population. 

 

It has previously been unclear whether γδ T-cells require mandatory co-stimulation via 

CD28; although γδ T-cell populations can be expanded upon CD28 stimulation in vivo 

(Caldwell et al.,1995). However, alternative γδ T-cells activation pathways are available via 

other co-stimulatory signals, for example Vδ2+ T-cells can be activated via NKG2D in the 

absence of TcR-mediated ligand recognition (Gonzalez et al.,2006; Rincon-Orozco et 

al.,2005).  In our data, the relatively lower proportion of γδ T-cells expressing CD28 

compared with the total T-cell population suggests that CD28 signalling in γδ T-cells is 

relevant but not as critical for T-cell expansion and effector function as it is for conventional 

T-cells.  

 

7.5.2 Homing molecule expression 

In contrast to the rapid recruitment of conventional effector lymphocytes to sites of 

inflammation (Butcher et al.,1999; Kunkel & Butcher,2002), the mechanisms controlling the 

steady state traffic and compartmentalisation of γδ T-cells within healthy tissue are not well 

understood (Moser et al.,2004; Schaerli & Moser,2005).  Our data demonstrates that 
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despite reported enrichment of γδ T-cells (likely predominately Vδ1+) at skin epithelial sites, 

human circulating γδ T-cells (likely predominately Vδ2+) did not express skin-homing 

molecules, whilst the majority did express β7 integrin. 

 

a) Gut Homing γδ T-cells We have previously demonstrated that the majority of total 

circulating T-cells expressed β7-integrin (see Chapter 6).  The huge amount of ongoing 

antigenic stimulation with subsequent tissue specific DC interactions, occurring during 

transit through and activation in intestinal tissue transit, followed by possible recirculation 

may account for the large proportion of circulating β7+ “gut-homing” total T-cells.  However, 

naïve T-cells also constitutively express β7 despite their non-memory (CD45RA+CD45RO-) 

state, albeit less than memory T-cells (Personal communication, E Mann, APRG). Naïve T-

cells may utilise constitutive α4β7 to enter intestinal Peyer’s patches and mesenteric lymph 

nodes (Berg et al.,1993).   

 

The majority of human total circulating γδ T-cells expressed significantly more β7 integrin, 

than that of the total circulating T-cell population, implying increased gut homing potential.  

However, it should be remembered that β7-integrin constitutes only one half of the gut-

homing molecule α4β7.  β7 can also dimerise with αE (CD103). The chief ligand for αEβ7 is E-

cadherin, an adhesion molecule found on epithelial cells (Hadley et al., 1997), which may be 

involved in the retention of T-cells within epithelial compartments (Schon et al., 1999).  

Hence, although the majority of γδ T-cells (and total T-cells) in the circulation expressed β7, 

this does not necessarily means all of these cells are migrating towards the gut.  Indeed, 

other investigators in our laboratory, have demonstrated that some lymphocytes in human 

skin express β7, whilst T-cells expressing skin-homing markers specifically induced by skin 

DC also retain some degree expression of β7 (Personal communication, E Mann, APRG).  

This suggests that skin-homing marker expression is sufficient for lymphocyte migration to 

skin, even in the presence of concurrent expression of β7 and that expression of β7 alone 

may not be sufficient for migration and compartmentalisation to the gut. 

 

The expression of gut homing receptor CCR9 by γδ T-cells was negligible in the healhy state 

(unlike that of the total circulating T-cell population) whilst intraepithelial human γδ1+T-cells 

have been shown to express CCR9 (Kabelitz & Wesch,2003).  This may account for the lack 



229 

 

of circulating CCR9+γδ T-cells (likely γδ2+) in healthy controls in the steady state.  In contrast, 

our data suggests that circulating CCR9+γδ T-cells exist in active IBD patients, although 

further samples are required for confirmation, particularly as the overall circulating γδ T-cell 

population was significantly reduced in IBD which may lead to inaccuracy in analysis.  

Nevertheless, this increase in CCR9 was not seen in the circulating total T-cell population in 

IBD.  Perhaps in  response to the active IBD state, an increase in CCR9 expression, leads to 

increased recruitment of γδ T-cells from the peripheral blood (likely to be Vδ2) and 

compartmentalisation in the intestine. This may reflect appropriate recruitment of γδ T-cells 

for their regulatory and tissue repair properties.  Alternatively, this may reflect aberrant 

expression of CCR9 by the Vδ2 subset which migrate to the gut, usually predominately 

populated by the Vδ1 subset, leading to an imbalance in mucosal homeostasis.  Hence, 

whether gut homing of γδ T-cells is causative or regulatory in gut epithelia inflammation 

remains uncertain.   

 

 

b) Skin Homing γδ T-cells  

We have demonstrated that a proportion of the total circulating T-cell population expressed 

skin homing markers (CLA+ and CCR4+, although CCR10 was negligible). The expression of 

skin homing was to a lesser degree than 7 at an individual cellular level (both in terms of 

percentage cell positivity and intensity ratio of 7+ fluorescence).  In constrast, there was 

virtually no expression of CLA and CCR4 on circulating γδ T-cells (although likely to be γδ2+), 

despite reported enrichment at epithelial sites such as the skin.   

 

Although circulating Vδ2+ T-cells appear well equipped for instant relocation from the 

circulation to sites of general inflammation (Dieli et al., 2003, Cipriani et al., 2000 ; Glatzel et 

al,. 2002), which explains their accumulation at sites of infection (Modlin et al., 1989); Vδ2+ 

T-cells do not seem to reside in tissue such as the skin or mucosal sites in the steady state, 

and it is unclear under which conditions they are recruited to peripheral tissues (Dieli, 

Poccia et al., 2003).  It is therefore possible that γδ T-cells from the circulation may be 

recruited to the skin under inflammatory conditions via alternate inflammatory chemokine 

receptors, acquiring subsequent skin-homing properties on tissue specific simulation before 

recirculation.  γδ T-cell populations within human skin have also been shown to express 
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skin-homing markers (Eberl et al., 2002), however it is likely these are of different lineage 

(e.g. Vδ1+) to circulating γδ T-cells (Holtmeier et al.,2001).  

 

In support of a role for dysregulating T-cell trafficking in IBD, our data has demonstrated a 

unique population of skin-homing γδ T-cells in the circulation of patients with cutaneous 

manifestations of IBD.  As we have already demonstrated, in both the steady state and in 

active IBD (without extra-intestinal cutaneous manifestations), circulating human γδ T-cells 

do not significantly express the skin-homing marker CLA (Ebert et al., 2006). Therefore, the 

CLA+ β7- γδ T-cells seen in the context of IBD with erythema nodosum are likely to be 

specifically associated with this inflammatory skin condition.  The circulating skin-homing γδ 

T-cells in EN may be recruited to the skin to carry out additional beneficial γδ T-cell 

functions, in this case down-modulating adaptive immune effector cells (increased numbers 

circulating total T-cells also expressed skin-homing markers in an EN case), perhaps by their 

ability to produce immunosuppressive cytokines TGFβ and IL-10 (Jameson and Havran, 

2007) or promotion of tissue healing and epithelial cell regeneration (Jameson and Havran, 

2007), thereby repairing inflammatory damage caused by the infiltrating skin-homing 

conventional adaptive effector cells.  Of course, this may also represent dysregulated skin 

homing potential with an exacerbating role in the disease.  

 

The relevance of dysregulated homing was confirmed following the administration of 

corticosteroids which led to rapid resolution of the EN, accompanied by a reduction in the 

proportion of circulating CCR4+ skin-homing T-cells and DC.  This suggests the cutaneous 

inflammatory damage of EN was a result of skin-infiltrating inflammatory effector 

leucocytes, in a manner analogous to the reported increased β7 circulating memory T-cells 

in IBD (Hart et al., 2004), although my own data failed to demonstrate significant differences 

(Chapter 6).  The loss of skin-homing γδ T-cells (B7-CLA+ ) from the circulation following 

steroid treatment and EN resolution, may represent reduced up regulation of skin homing in 

the absence of ongoing skin inflammation after EN resolution, or could equally indicate a 

contributory role for γδ T-cells in the initial development of EN. 

 

Finally, our data shows circulating γδ T-cells express a low amount of CCR7, in contrast to 

other reports (Moser and Eberl, 2007), although this was less than the total circulating T-cell 
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population.  This may reflect the reported ability of γδ T-cells to respond to antigen rapidly 

independently of antigen presentation in the lymphoid tissue.  However, it should also be 

recognised that naïve circulating CCR7- T-cells can utilise α4β7 to enter intestinal Peyer’s 

patches and mesenteric lymph nodes, presumably without the absolute need for CCR7 

expression (Berg et al.,1993).   

 

7.5.3 Role of GD in IBD 

The role of γδ in IBD remains unclear; however, it is likely that our data showing loss of 

circulating γδ T-cells (probably γδ2+) in IBD is due to increased recruitment towards sites of 

inflammation in the gut. This may be analogous to the reported loss of circulating γδ T-cells 

in Atopic Dermatitis (Katsuta et al.,2006).  The increased migration theory is supported by 

the reported observation that there an increase in γδ T-cells has been found in inflamed 

areas of the colon (McVay et al.,1997). The increase in CCR9 expression we demonstrated 

on circulating γδ T-cells in IBD further suggests an increased capacity for γδ T-cell migration 

to the gut. 

 

However, a very recent abstract demonstrated a significant reduction in both the number 

and proportion of circulating Vδ2+ T cells in CD patients treated with AZA, whilst in contrast 

Vδ2+ T-cells were increased significantly in AZA naïve CD patients when compared to healthy 

controls.  There was also an inverse correlation with duration of immunomodulator 

treatment and Vδ2+ concentrations which were also suppressed significantly more than that 

of  T-cells.  Consequently, the reduction in circulating γδ T-cells seen in our IBD patient 

data may in part represent exposure to immunomodulators. 

 

Furthermore, this group also reported that 9/10 CD patients with an expanded Vδ2+ 

population were in clinical remission (CDAI <150), significantly more than the 13/24 with 

low/normal Vδ2+ concentrations (Hedin et al,. 2011).  No other patient or clinical 

parameters was associated with Vδ2+expansion (e.g. location of disease, CRP).  The authors 

proposed that increased intestinal permeability and associated microbe exposure in CD may 

lead to activation and expansion of δ2T cells.  Causality is again unclear, however it is 

interesting to note that several siblings of CD patients also showed δ2T cell expansion in 

implying a role for δ2T cells in CD pathogenesis which could be a marker of CD risk. 
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Animal models have suggested a γδ T-cell deficiency exacerbates IBD (Kuhl, Loddenkemper, 

Westermann, & Hoffmann, 2002) and γδ T-cells in the mouse epidermis (DETC) 

downregulate inflammatory responses in the skin (Shiohara, Moriya et al., 1996).  In view of 

the role of DETC in mice, the unique population of skin-homing γδ T-cells in IBD-associated 

EN may be due to recruitment of cells from the systemic circulation to the skin to prevent 

αβ T-cells from causing further inflammatory damage.  

 

Our data may provide insight into potential therapeutic interventions in IBD.  

Corticosteroids act on the immune system by blocking the production of substances that 

trigger allergic and inflammatory actions e.g. prostaglandins. However, they also impede 

leucocyte function and diapedesis (general movement from circulation into the tissues).  

The results indicate that Prednisolone also reduces expression of specific tissue homing 

molecules on leucocytes when that tissue is inflamed, either directly or indirectly s a result 

of reduced inflammation via alternative mechaisms. Although corticosteroid administration 

provided effective therapy for the cutaneous inflammation in EN, this is a systemic 

treatment and does have global side effects.  Ultimately, targeting tissue-homing pathways 

provides a more specific approach to IBD therapy than systemic treatments, and allows for 

very selective anti-inflammatory treatments. Indeed, inhibitors of α4β7 (MLNO2, Millenium) 

and also CCR9 (Traficet-EN, Chemocentryx) are currently being evaluated in Crohn’s disease. 

 

The role of vitamin D in immunomodulation of GD is unclear.  Activation of V2 T-cells by 

isopentenyl pyrophosphate (IPP) lead to the up-regulation of the vitamin D receptor.   

However, rather than potentiating γδ T-cell expansion, 1,25-OH2D3 (10-8M) significantly 

inhibits in a dose-dependent fashion phospholigand-induced γδ T-cell expansion, whilst IFN-

 production was also reduced.  At high concentrations, 1,25-OH2D3 (10-7 M) potentiates cell 

death in IPP-stimulated γδ T-cells.  As such, these data provide further support for the 

immunoregulatory properties of vitamin D, and suggest that the ability of vitamin D to 

negatively regulate potentially proinflammatory activity of γδ T-cell cells may contribute to 

the protection this vitamin affords against inflammatory and autoimmune disorders 

dependent upon TH1-type responses (Chen et al., 2005).  Since vitamin D reduces severity of 
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colitis in several animal models, the above effects on γδ T-cells could also imply an adverse 

role for γδ T-cell in IBD pathogenesis.  

 

In summary, we have characterised tissue homing properties on human γδ T-cells in the 

peripheral blood.  The majority of circulating γδ T-cells display a gut-homing phenotype, but 

β7 alone may not be sufficient for gut-homing.  γδ T-cells may acquire additional specific 

tissue homing properties under site-specific inflammatory conditions, as demonstrated by 

the unique population of skin-homing γδ T-cells in EN. It is possible that the loss of 

circulating γδ T-cells (probably 2+) in IBD is due to migration towards intestinal sites of 

inflammation, possibly as a regulatory response with promotion of epithelial healing.  

However, as the 2 main γδ T-cells subsets (V1 and V2) appear to be activated in different 

ways, respond to different type of peptides and carry out different effector functions, 

perhaps dysregulation of circulating  γδ T-cells (CCR9+ or CLA+) reflects inappropriate homing 

of the V2 subtype exacerbating disease.   

  

Further investigation is required to fully elucidate the protective or exacerbating role of γδ 

T-cells in IBD.  Proposed future work should include analysis of the circulating γδ T-cell 

concentrations in IBD patients in whom disease type (CD/UC) and distribution (ileal/colonic), 

inflammatory activity (endoscopic inflammation/HBI) is tightly defined, in the absence of 

confounding immunomodulation with thiopurines. The cohort of IBD patients with 

cutaneous manifestations of disease should also be expanded.  It would be helpful to futher 

discriminate between V1 and V2 subsets which may demonstrate variable γδ TcR 

repertoires and functionality.  Further paired analysis of γδ T-cell subsets from the 

circulation, non-inflamed and inflamed areas of the gut in IBD would support whether 

increased gut migration occurs in IBD.  This should include analysis of cytokine production 

by these specific γδ populations.  Finally, investigation of the effect of vitamin D on the 

cytokine and stimulatory properties of γδ T-cells should be considered.  
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Vitamin D Induced Cytotoxicity in vitro 
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Abstract 

 
Background 

The interpretation of data representing an experimental intervention in cell culture can be 

influenced by associated direct or indirect toxicity.  This toxicity may lead to death or 

damage to select cell populations resulting in misinterpretation of apparent changes in 

phenotype and function accredited to the intervention in question.  Demonstration of cell 

viability and lack of necrosis or cell death is often used to measure toxicity of a substrate in 

culture.  The Trypan Blue exclusion test is commonly used to identify viable cells; however, 

cells in the early stages of apoptosis which have compromised viability and function, may 

still be able to exclude the Trypan Blue from their cytoplasm.  An alternative method of 

determining cell culture viability and necrosis involves the Annexin V - Propridium iodide 

fluorocytometric assay which has the potential to identify cell viability and necrosis, as well 

as indicating if cells are undergoing early or late apoptosis. 

 

Aims 

To investigate cellular toxicity of 1,25(OH2)D3 in vitro by determining apoptosis or necrosis 

of PBMC in culture. 

 

Methods 

PBMC from healthy volunteers were cultured in complete medium containing 1,25(OH2)D3 

at several concentrations (0, 10-10, 10-8 and 10-6 M) over multiple time periods (0, 4, 24 and 

48 hours).  Cell viability, apoptosis or necrosis was demonstrated using two established 

laboratory methods: 1) Trypan Blue exclusion test and 2) Multi-colour flow cytometry to 

determine external cell membrane expression of phosphatidylserine (PS), by surface 

staining with fluorochrome-labelled Annexin V and exclusion of Propridium iodide (PI) from 

the cytoplasm. 

 

Results 

Trypan blue exclusion testing did not indicate significant differences in PBMC viability in 

response to culture with 1,25(OH2)D3.  The Annexin V-PI assay revealed PBMC conditioned 

in culture with 1,25(OH2)D3 (0, 10-10, 10-8 and 10-6 M) for 0, 4, 24 or 48 hours did not exhibit 

significantly different proportions of cells in early (Annexin+PI-), late (Annexin+PI+) or 

necrosis (Annexin-PI-) when compared to control cultures. 
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Conclusion 

1,25(OH2)D3 did not influence rates of PBMC viability, apoptosis or necrosis.  This data 

provides a degree of confidence when interpreting any future observations of the effects of 

1,25(OH2)D3 on cell phenotype and function in culture, which are not likely to represent 

disproportionate rates of cell apoptosis or death. 
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Chapter 8  

Vitamin D Induced Cytotoxicity in vitro 

 

8.1  Background   

The interpretation of a cell phenotype and function in response to experimental 

interventions in cell culture can be potentially influenced by selective cell death or toxicity 

when compared to control populations. To this end, it was important to determine the 

potential of 1,25(OH2)D3 to induce cellular toxicity which may result in apoptosis or 

necrosis, prior to conducting in vitro culture experiments. 

 

8.1.1 Trypan Blue exclusion test 

Determining the number of viable cells in culture is important in both standardization of 

culture conditions and in performing accurate quantitation experiments.  The Trypan Blue 

exclusion test is the simplest and most commonly used method of determining cell viability 

in a cultured cell population.  Trypan blue is an organic toluidine-based dye, so-called 

because it can kill trypanosomes, the parasites that cause trypanosomiasis (African sleeping 

sickness).  The Trypan blue dye exclusion test is based on the principle that live (viable) cells 

possess a cell membrane with the functional integrity to actively exclude certain dyes from 

their cytoplasm.  Determination of cell viability requires a haemocytometer, a thick glass 

slide with a central area designed as a counting chamber, to which a known volume of cell 

suspension can be applied to a defined area and hence, cells can be counted such that cell 

density can be calculated.  Live cells demonstrate an unstained cytoplasm, whilst in contrast 

dead cells cannot exclude Trypan blue and appear stained (blue) under the light microscope.  

However, cells with compromised viability but transiently intact cell membranes, such as 

cells in the early stages of apoptosis, may still be able to exclude the dye.  Furthermore, 

fluorometric assays of viability in culture may have less ambiguity in the identification of 

stained, non-viable cells in comparison to the haemocytometer-based “degree of blueness” 

Trypan blue dye exclusion cell quantitation and viability assays (Altman et al., 1993). 
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8.1.2 Phosphatidylserine Expression, Annexin and Apoptosis 

The Annexin V - Propridium Iodide (PI) assay provides a simple and effective method to 

detect apoptosis at an early stage. This assay takes advantage of the fact that the 

phospholipid phosphatidylserine (PS) is translocated from the inner (cytoplasmic) leaflet of 

the plasma membrane to the outer (cell surface) leaflet soon after the induction of 

apoptosis, becoming available to bind fluorochrome-labelled Annexin V which has a strong, 

specific affinity for PS.  Fluorocytometric determination of surface binding of fluorochrome-

conjugated Annexin V can be simultaneously correlated with the ability of cells to exclude 

the fluorescent dye PI, enabling identification of viable, early apoptotic, late apoptotic and 

necrotic cells. Necrotic cells or cells in the late stages of apoptosis can be identified using PI, 

an intercalating agent for double-stranded DNA which produces a highly fluorescent adduct 

that can be detected during flow cytometry.  PI is not excluded by necrotic cells or cells in 

late apoptosis and after entering the cell intercalates with DNA. Viable and early apoptotic 

cells, which still have a functionally intact membrane capable of excluding PI, are not stained 

(Darzynkiewicz et al.,2000). 

 

However, the Annexin V - Propridium Iodide (PI) assay has potential flaws.  Firstly, it has 

been recently recognised that PS externalization is not uniquely associated with apoptosis. 

For example, the majority of mature B-cells expose PS on their surface, a feature which is 

not specifically associated with apoptosis (Dillon et al.,2001). Macrophages also appear to 

constitutively exhibit a degree of PS expression.  In contrast, viable precursor monocytes do 

not express external PS and cannot bind Annexin V.   

 

Secondly, recent research has suggested that PS expression is required not just on the target 

cell surface, but also on the macrophage that engulfs the apoptotic cell (Callahan  et 

al.,2000).  Indeed, the blockade of PS by pre-treatment with Annexin V, inhibits the 

phagocytic activity of macrophages.  However, if both apoptotic cells and some types of 

viable cells can externalize their PS, this may create confusing signals for macrophages 

committed to recognizing and eliminating only dead or dying cells.  Consequently, the 

amount of externalized PS may be critical for macrophage discrimination between apoptotic 

and non- apoptotic cells (Callahan et al.,2003).  The most common assays of PS 

externalization are based on fluorescent labelling with an Annexin V–fluorescein 
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isothiocyanate conjugate (Annexin V – FITC) and subsequent analysis by flow cytometry.  

These assays only assess the proportion of apparently apoptotic cells with external PS rather 

than determining the actual amounts expressed; by arbitrarily assigning ‘‘low’’ levels of FITC 

fluorescence to viable cells with negligible PS externalization; and ‘‘high levels’’ of FITC 

fluorescence (with sufficiently high PS externalization) to apoptotic cells (Borisenko et 

al.,2003).  Hence, the investigator needs to be aware that there is potential for inaccurate 

discrimination between early apoptotic cells and viable cells constitutively expressing PS. 
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8.2  Methods  

PBMC were prepared from healthy donors over a Ficoll-Paque density gradient as described 

in Chapter 2: Methods and Materials. 

 

PBMC were incubated in FACS tubes ( 2x106 cells in 1ml ) containing complete media at 

several concentrations of 1,25(OH2)D3 (10-6, 10-8 and 10-10 M) in paired cultures (37oC, 

5%CO2 in a humidified incubator) for 0, 2, 4 and 24 hours.  The 1,25(OH)2D3 concentrations 

selected had been previously demonstrated in the literature to exert immunomodulatory 

properties and were under consideration for use in the subsequent cell culture 

investigations.  

 

Upon completion of each cell culture period, cells were washed twice in cold PBS and 

centrifuged (1700rpm, 4oC, 5mins) before re-suspension in 1x binding buffer at a cell density 

of 1-2 x106 ml-1.  A Trypan blue exclusion test cell count was performed at this stage using a 

50L sample of each cell suspension in a Neubauer Haemocytomer (see Appendix). 

 

After Trypan blue exclusion analysis, one hundred microlitres (100l) of each cell suspension 

was transferred into each of 4 fresh FACS tubes. Annexin V– FITC (5l) and/or PI (10l) were 

added per tube in the combinations listed below, gently mixed and incubated for 15 

minutes at room temperature in the dark.  Upon completion of incubation, cell suspensions 

were washed twice, then 1x binding buffer (0.4ml) was added to each tube.  The cell 

suspension was analysed by flow cytometry within 1 hour.  This sequence was repeated for 

each experimental condition over each time period of culture (0, 4, 24 and 48 hours) 

 

 

1. FITC-Annexin V 

2. PI  

3. FITC-Annexin V and PI 

4. Unlabelled (negative control) 
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8.3  Results 

 

8.3.1  PBMC Cell Recovery and Viability based on Trypan Blue exclusion is not influenced 

by culture with 1,25(OH2)D3 
 

Viable cell recovery demonstrated an apparent decreasing trend after 48 hours in culture, 

for both control and 1-25OH2D3 conditions, but this effect did not reach statistical 

significance when compared to earlier time periods (n=4).  There was no significant effect of 

1,25(OH2)D3on cell viability and recovery as determined by Trypan blue exclusion across a 

wide range of 1,25(OH2)D3 concentrations when compared to controls within all time 

points. 

 

Figure 8.1 Trypan blue exclusion test.  Histogram showing viable cell recovery  standard error following 

culture of paired PBMC in complete medium containing 1,25(OH2)D3 (0, 10
-10

, 10
-8

 and 10
-6

 M) over several 

time periods (4, 24 and 48 hours).  Plots represent the mean viable cell counts (n=4). 

 

8.3.2  PBMC Cell Recovery and Viability in the Annexin V – Propridium Iodide assay is not 

influenced by culture with 1,25(OH2)D3 
 

The initial Annexin V - PI assays were complicated by significant problems in compensation 

during FACS Calibur acquisition at flow cytometry.  Importantly, acquisition of Annexin and 

PI labelled cell suspensions was required in an uncompensated form.  This was necessary 

due to the high broad degree of fluorescence demonstrated by PI at FL2 wavelengths.  
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Standard compensation protocols using CaliBriteTM fluorescent beads led to an inability to 

accurately identify the upper limits of PI fluorescence.  This was in excess of the 4th log 

decade and hence pushed up against the right y-axis.  There was also significant “spill” of PI 

(FL2) fluorescence into the adjacent channel wavelengths. 

    

a)         b)  

 

Figure 8.2  Histograms demonstrating Annexin V and PI staining in PBMC cultured in complete media alone: 

a) 4 hrs and b) 48 hours.  Necrotic Annexin V
+
 PI

-
 (red) region (0.47% vs 4.13%), Early apoptotic Annexin V

+
 PI

- 

(blue) region (5.79% vs. 10.07%), late apoptotic Annexin V
+
 PI

+
 (13.56% vs. 16.65%)  and viable cells Annexin V

-
 

PI
-   

( 80.18% vs. 69.15%). This data is a representative example from several independent experiments (n=4). 

 

An increase in the necrotic and apoptotic cell populations can be seen in the 48 hour culture 

compared with the 4 hour sample.  Duration of cell culture at 48 hours was associated with 

a statistically significant reduction in the numbers of viable cells in the absence of vitamin D 

(Figure 8.2). 
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a)        b)  

Figure 8.3 Viable, Apoptotic and Necrotic PBMC following cell culture with and without 1,25(OH2)D3.   

These figures show typical flow cytometric data demonstrating Annexin V and PI labelling in PBMC following a 

24-hour culture period a) Control: 1,25(OH2)D3 0M - Necrotic (0.47%), Late Apoptotic (6.06%), Early Apoptotic 

(9.25%),Viable  (84.22%); b) 1,25(OH2)D3at 10
-6

M - Necrotic (0.91%),  Late Apoptotic (8.23%),  Early Apoptotic 

(10.56%),  Viable (80.30%).  There were no significant differences in the viable, apoptotic or necrotic cell 

populations. This data is a representative example from several independent experiments (n=4).  

a)  b)  

c) d)  

Figure 8.4 Effect of 1,25(OH2)D3on PBMC Viability, Apoptosis and Necrosis in vitro. This figure shows the 

percentage proportion of a) Viable cells, b) Early apoptotic cells, c) Late apoptotic cells and d) Necrotic cells 

following culture of PBMC in complete medium containing one of four concentrations of 1,25(OH2)D3 (0, 10
-

10
, 10

-8
 and 10

-6
 M) over several time periods (4, 24 and 48 hours). The standard error is shown (n=4). 
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The culture of PBMC at various concentrations of 1,25(OH)2D3 did not result in statistically 

significant differences in cell recovery across the viable, apoptotic or necrotic cell 

populations (Figure 8.4 and 8.5). 

 

Backgating of the Annexin V-PI assay data (Figure 8.5) onto the FSC:SSC histogram indicated 

that the gating method typically used to identify viable mononuclear cell populations in 

other phenotypical investigations based on FSC:SSC characteristics is appropriate.  The 

majority of necrotic (red) and late apoptotic cells (green) lie outside this viable cell region.  

However, presence of apparent cell positivity for Annexin V at 0 hours of culture suggests a 

degree of apparent expression of externalised cell surface PS, within this mononuclear cell 

region.  This indicates either cells in the early stages of apoptosis or cells which 

constitutively express PS, for example macrophages and B-cells.   

 

 

        

    a) 0 hours                                  b) 48 hours 

 

Figure 8.5 Backgating of Annexin V – PI characteristics on to the Forward versus Side Scatter  histogram. This 

histogram shows PBMC characteristics based on forward scatter vs. side scatter profile. Backgating of Annexin 

V – PI data demonstrates the apoptotic status of cells: Grey (Viable), Blue (Early Apoptosis), Green (Late 

Apoptosis) and Red (Necrosis). Mononuclear cells deemed to be in the early stages of apoptosis (blue) lie both 

inside and outside the typical “intact” cell gate (boxed) of the FSC:SSC histogram.  Late apoptotic (green) and 

necrotic (red) cells tend to lie outside this gate. These plots are representative of several independent 

experiments.   
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8.4  Discussion 

 

We have demonstrated that PBMC did not demonstrate significantly different rates of 

apoptosis or necrosis in response to culture with the active metabolite of vitamin D 

(1,25(OH2)D3) when compared to control conditions in vitro.  The Trypan blue exclusion 

test and Annexin V-PI fluorocytometric assay of cell viability are recognised and commonly 

used methods of determining cell viability; however we recognise that both systems 

demonstrate inherent flaws which could reduce data accuracy.   

 

The Trypan blue exclusion test may be prone to inclusion of “viable” cells, which are capable 

of excluding Trypan blue from their cytoplasm due to functionally intact cell membranes, 

but which already have compromised integrity being engaged in the early stages of 

apoptosis.  Furthermore, manual counting of cells in a haemocytometer may be subject to 

sample bias (particularly at very low cell counts) and operator variation in interpreting 

“blueness” of cell cytoplasm or counting of large numbers of cells.   

 

The Annexin V-PI cell viability assay may also be impaired by variable constitutive expression 

of PS by several immune cells, in particular macrophages and B-cells, which have not been 

depleted from cultures of PBMC.  This assay simply determines the proportion of cells 

within a population positive for external PS expression based on Annexin V binding.  It does 

not determine the amount of PS expression which may be relevant in distinguishing early 

apoptosis from constitutive expression, hence non-apoptotic cells may inadvertently be 

included in the early apoptotic group.  Furthermore, the effects of 1,25(OH2)D3 on non-

apoptotic surface expression of PS is unknown.   

 

However, there are studies suggesting the immunomodulatory effects of vitamin D in vitro 

may include enhanced cell apoptosis.  The proliferation of PBMC, cultured with or without 

1,25(OH2)D3 (10 or 100nM) for 5 days and stimulated by PHA, was studied by [3H] 

thymidine incorporation and apoptosis determined using an enzyme-linked immunosorbent 

assay (ELISA) kit, which detected cytoplasmic histone-associated-DNA-fragments 

characteristic of apoptotic cell death.  In this study, 1,25(OH2)D3significantly reduced 

PBMC proliferation in response to PHA in both healthy controls and CD patients, but also 
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induced PBMC apoptosis (Martinesi et al.,2008).  This effect is reported to be associated 

with the differential expression of 2 oncogenes, Bax (induces apoptosis) and Bcl-2 (inhibits 

apoptosis and assures cell survival) (Stio et al., 2006).  These data suggests that the anti-

proliferative effect of vitamin D derivatives could be due in part to the induction of cell 

apoptosis. 

 

Vitamin D has also been observed to indirectly induce apoptosis.  When human MoDC were 

used to stimulate allogenic T-cells in the MLR, MoDC pre-conditioned during differentiation 

with 1,25(OH2)D3 (10-8M), hampered T-cell proliferation and promoted T-cell apoptosis.  

When compared to controls, 1-25OH2D3 conditioned DCs induced significantly higher 

numbers of early apoptotic (Annexin V+ / PI- ) and/or late apoptotic (Annexin V+/ PI- ) T-cells. 

T-cells present in the same cultures, either resting or activated by control untreated DC, 

were unaffected (van Halteren et al.,2004). 

 

In our apoptosis experiments, DC comprise a small component of the PBMC cultured but 

may have been subject to regulatory modulation by 1,25(OH2)D3.  However, in contrast, 

these DC had not been activated by allogeneic stimulation, and hence would not necessarily 

be expected to either induce significant proliferation or apoptosis in the autologous T-cells 

present in the PBMC.  This is supported by a lack of a significant differences in apoptosis or 

necrosis when compared to control PBMC cultures.  However, the observations by Stio and 

Roep may have more relevance in the stimulation of allogenic T-cells by vitamin D 

conditioned DC, since any observed changes in T-cell proliferation or phenotype may be 

influenced by the indirect effects of vitamin D on activated T-cell apoptosis.   

 

In view of the complexities inherent when assessing cell cultures of PBMC, which contain 

multiple cell types some of which constitutively express PS, it would be useful in future 

investigations to determine baseline and subsequent PS expression in cultures of isolated 

MoDC and LDC as well as repeating the Annexin V-PI assay in this specific population.  The 

degree of constitutive expression of PS by DC is not clearly documented in the literature, 

although the phosphatidylserine receptor required for interaction with PS is expressed by 

immature DC (Henson et al.,2001).   It has been suggested that this PS may provide a 
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sufficient signal to inhibit DC maturation and to modulate subsequent adaptive immune 

responses (Chen et al.,2004). 

 

Nevertheless, our investigations using both the Trypan blue exclusion test and Annexin V-PI 

assay, taken together, have simultaneously demonstrated no significant or dose-dependent 

effects of 1,25(OH2)D3on PBMC apoptosis or necrosis in vitro over a wide range of 

1,25(OH2)D3concentrations within a 0-48 hour culture time period.  This data enables 

confidence that any observations of the effects of 1,25(OH2)D3on immune cell phenotype 

following cell culture, described in subsequent chapters, should not be influenced 

significantly by disproportionate cell apoptosis or necrosis when compared to controls for 

the 1,25(OH2)D3concentrations 10-6 through 10-10 M .  
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Abstract 

 

Background   Dendritic Cells (DC) are uniquely capable of primary presentation of antigens 

to naïve T cells, determining either an active immune response or tolerance.  In vitro studies 

demonstrate 1,25(OH)2D3, the biologically active form of Vitamin D, induces an immature 

and tolerogenic DC phenotype. However, the majority of published studies have focused on 

laboratory-generated monocyte-derived dendritic cells (MoDC) derived from murine bone 

marrow or peripheral blood.  Low-density cells (LDC) enriched for DC can be isolated from 

human peripheral blood and gut tissue.  These ex-vivo DC are not subject to the 

supraphysiological concentrations of cytokines necessary to drive monocyte differentiation 

into DC. Hence, LDC population provides a source of endogenous DC. 

 

Aims   To determine the immunomodulatory effects of 1,25(OH)2D3 on the maturational and 

allostimulatory phenotype of LDC  enriched for DC obtained from peripheral blood and the  

terminal ileum.  

 

Methods   Peripheral blood LDC enriched for DC were isolated on a NycoPrep gradient from 

non-adherent cells after overnight PBMC culture. LDC were cultured for another 24 hours in 

complete medium with and without 1,25(OH)2D3 at several concentrations and /or 

Lipopolysaccharide (LPS).  Terminal ileal DC were extracted by “walk-out” from terminal ileal 

biopsies whilst in culture with and without 1,25(OH)2D3 (10-6M). The maturation and co-

stimulatory phenotype of LDC was determined by flow cytometry utilising monoclonal 

antibodies to CD14, CD40, HLA-DR and ILT-3.  Cell morphology was also assessed by electron 

microscopy (EM). 

 

Results   Vitamin D-conditioned LDC demonstrated an immature phenotype compared to 

controls with significantly increased expression of monocyte marker CD14 (<0.01) and ILT-3 

(p<0.02), but significantly decreased CD40 (p<0.001) and HLA-DR (p<0.03).  Furthermore, 

Vitamin D maintained expression of CD14 and ILT-3 approaching that of basal conditions, 

even when co-cultured with LPS for 4 or 24hrs. 

 

At electron microscopy, LDC demonstrated a predominately DC morphology with veils and 

vacuoles similar to that seen in MoDC.  Although not reverting to a fully monocyte 

morphology, Vitamin D caused an increase in the proportion of very small cells likely to be 
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immature DC.  Vitamin D also increased the proportion of DC that contained unsaturated 

(black) and partly saturated lipid bodies.  

 

Discussion   In peripheral blood LDC enriched for DC, culture with the active form of Vitamin 

D promotes an immature monocyte-like phenotype in peripheral blood LDC in vitro, 

reducing costimulatory molecule expression (CD40) and enhancing ILT3 expression, 

suggesting reversion to a monocyte-like state and implying a tolerogenic functional 

phenotype.  Vitamin D also affected LDC morphology, in particular increasing the proportion 

of small veiled cells, likely to represent immature DC.  These immunomodulatory effects 

suggest a potential therapeutic role for Vitamin D or its analogues in IBD possibly by 

promotion of tolerance.  
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Chapter 9  
 
The Immunomodulatory Effects of Vitamin D on Human Dendritic Cells from the Blood 
and Gut in vitro 
 
 

9.1 Background 

 

9.1.1 Effect of Vitamin D on Dendritic Cell Maturity and Allostimulatory Potential 

A crucial component in the functional life-cycle of DC is likely to be differentiation and 

maturation from precursor monocytes into DC.  Immature DC and other antigen-

presentation cells, such as monocytes and B-cells, possess poor allostimulatory potential.  

However, immature DC acquire the ability to strongly stimulate naïve T-cells upon 

maturation into mature DC.  This maturation process occurs physiologically when DC 

acquire antigen in peripheral tissues, for example the lamina propria of the gut, following 

recognition of microbial antigens through TLRs and other PRRs.  DC then migrate to draining 

secondary lymphoid tissue, under the influence of these microbial products or cytokines e.g. 

TNF, which indicate danger or tissue damage.  In association with antigen-presentation 

molecules (e.g. HLA-DR) and co-stimulatory molecules (e.g. CD40, CD80), mature DC then 

present antigen to naïve T-cells, stimulating T-cell proliferation as well as determining both 

the type of subsequent T-cell response and homing phenotype (Banchereau et al.,2000). 

 

Monocytes are the immediate precursors of DC, expressing high surface levels of CD14 but 

low levels of molecules associated with antigen-presentation, such as the MHC Class II 

molecule HLA-DR.  During differentiation into DC, monocytes lose surface CD14 expression 

whilst HLA-DR expression is up-regulated.  This is demonstrated during the generation of DC 

derived from monocytes (MoDC) in the laboratory described in the following chapter 

(Chapter 10).  In order to effectively stimulate naïve T-cells, upon maturation DC also 

acquire surface expression of co-stimulatory markers (e.g. CD40, CD86 and CD80) which 

facilitate interaction with the T-cell receptor (TcR).  Immature DC express low levels of these 

co-stimulatory molecules (Banchereau et al.,2000). 

 

Several authors have demonstrated the ability of 1,25(OH)2D3 or its analogues to inhibit the 

differentiation of DC from their monocyte precursors in healthy individuals (Penna & 

Adorini,2000; Piemonti et al.,2000; Berer et al.,2000; Canning et al.,2001; van Halteren et 

al.,2002).  DC conditioned in culture with 1,25(OH)2D3 or its analogues show a dose-



261 

 

dependent reduction in expression of both co-stimulatory molecules (CD40, 80 and 86), as 

well as MHC Class II molecules (HLA-DR).  This pattern of co-stimulatory molecule expression 

implies a ‘tolerogenic’ DC phenotype, likely to possess reduced allostimulatory potential.  

Furthermore, the functional consequences of this tolerogenic DC phenotype have been 

demonstrated in the mixed leucocyte reaction (MLR).  DC pre-conditioned in culture with 

Vitamin D or its analogues have a reduced ability to activate allogenic T-cells which 

themselves are hyporesponsive and produce limited IFN (Penna & Adorini,2000; Piemonti 

et al.,2000; Griffin et al.,2000; Berer et al.,2000; Canning et al.,2001; van Halteren et 

al.,2002).   

 

However, the studies published to date have almost exclusively focussed on DC-derived 

from either murine bone marrow (Griffin et al.,2000) or human peripheral blood monocytes 

(Penna & Adorini, 2000; Piemonti et al., 2000).  Human monocyte-derived myeloid DC 

(MoDC) are generated in vitro by culture of purified CD14+ peripheral blood monocytes, for 

several days, in a cocktail of cytokines (GM-CSF and IL-4) at supra-physiological 

concentrations, which drive differentiation into a DC phenotype expressing HLA-DR with loss 

of CD14.  These monocytes lose expression of homing marker expression during 

differentiation into MoDC (Figure 9.1).  In addition, ex-vivo Low Density Cells enriched for 

DC also start to lose homing marker expression during prolonged culture under standard 

conditions, to a significant degree after 48 hours (Figure 9.2).  This may support a proposed 

effect of ongoing exposure to the tissue microenvironment in conditioning DC.   

 

We decided to investigate LDC enriched for DC (ex-vivo) as these cells are likely to reflect 

more closely blood and gut DC in vivo. 
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Figure 9.1. Effect of Differentiation of Monocytes into MoDC on Homing Molecule Expression. This data 

demonstrates the inherent effect of prolonged culture (5 days) in down-regulating homing marker expression 

(percentage of cells positive) in the absence of specific stimulation. Date shown for gut homing CCR, B7; skin 

homing CLA, CCR10; and lymphoid homing CCR7 (Courtesy of Dr. David Bernado, APRG). 

 

 

 

Figure 9.2. Cultured DC Lose Expression of a) 7 and b) CLA in Standard Culture over Time. Data shows 7 

and CLA expression by DC populations within fresh PBMC with increasing loss of expression by cultured LDC 

extracted from PBMC over time (Courtesy of Dr. David Bernado, APRG). 

 

9.2 Low Density Cell Enriched for Dendritic Cells  

 

Monocytes have a lower average density than lymphocytes, but because the densities of the 

two cell types overlap, it is difficult to achieve reproducible separation based on density 

differences alone. However, since lymphocytes are more sensitive than monocytes to the 

slightly hyperosmolar NycoPrep™ 1.068, upon contact they undergo more significant loss of 

water from the cytosol and shrink becoming more dense.  Hence, the density difference 

between the two types of cell can be enhanced leading to a great improvement in 
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separation of monocytes from lymphocytes upon centrifugation (Bøyum 1963, 1983; 

McLellan et al.,1995). 

 

The properties of Nycoprep are useful for enrichment of both DC (which demonstrate 

monocytoid morphology) and monocytes in the process of becoming DC.  However, a period 

of in vitro culture is essential to achieve separation of DC from peripheral blood monotypes 

(PMBC), since Nycoprep gradient centrifugation of fresh T-lymphocyte depleted PBMC does 

not result in the enrichment of allostimulatory cells.  This is explained by recognising that 

fresh human DC are smaller (less mature) and resemble lymphoid cells (O’Doherty et 

al.,1993; Egner et al.,1993; Thomas et al.,1993), only acquiring increased density buoyancy 

(Van Voorhis et al.,1982; Young & Steinman 1988) and monocytoid morphology (O’Doherty 

et al.,1993) following a period of in vitro culture.  The necessity to pre-culture blood DC 

before DC-enrichment provides an additional opportunity to deplete lymphocytes and 

macrophages.  DC from human peripheral blood adhere transiently and later become non-

adherent within 16 hr, allowing depletion of adherent monocytes/ macrophages whilst 

containing a greater proportion of lymphocytes and DC (van Voorhis et al.,1982). 

 

There appears to be significant heterogeneity amongst monocytes with respect to culture 

induced buoyancy.  The vast majority of CD14+ monocytes along with the majority of 

lymphocytes (including B cells) are depleted from the interface.  This results in marked 

enrichment of low density cells (LDC) at the interface expressing HLA-class II molecules.  

Although a significant proportion of monocytes constitute the LDC interface, these tend to 

be veiled (dendritic processes) suggestive of early DC morphology.  However, only the CD3, 

CD14, CD16, CD19 negative LDC (putative DC) demonstrate a strong allo-stimulatory 

potential.  In comparison, the pellet fraction demonstrates little residual allostimulatory 

activity.  This suggests that almost all DC are retained at the Nycoprep-Media interface.   

 

Cell analysis has previously shown that the isolated population is highly enriched for DC with 

high surface expression of HLA-DR, CD11c, CD83 and CD86 (Knight et al.,1986).  Although 

only up to 80% purified for cells with DC phenotype and morphology,  the LDC population 

offered a novel and “physiological” model for blood and intestinal DC responses to  Vitamin 

D. 
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a)     b)   

 

Figure 9.3. Low Density Cells enriched for Dendritic Cell isolated from peripheral blood. a+b) LDC 

demonstrating typical veiled DC morphology at electron  microscopy (Tyndall, Knight et al.,1983) 

 

In earlier work from our laboratory, protocols for identification and re-enrichment of 

intestinal DC from human intestinal biopsy tissue and peripheral blood have been 

developed either through a “walk-out” (Bell et al.,2001), or “digestive” technique.  The 

“walk-out” technique offered the ability to extract adequate cell numbers for phenotyping 

and has been favoured over tissue digestion for several reasons: 1) There were concerns 

over the adverse effects of collagenase on cells during prolonged tissue biopsy digestion 

(Personal communication Dr Hafid Omar, APRG); and 2) LDC could be pre-conditioned in 

complete media containing 1,25(OH)2D3 whilst in situ within an ileal biopsy tissue during the 

walk-out process, likely with a limited degree of continued exposure to the gut tissue 

microenvironment. 
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9.2 Hypothesis and Aims 

 

We hypothesised that culture with the active form of Vitamin D, 1,25(OH)2D3,  reduces the 

capacity of in ex-vivo DC from PBMC or gut (terminal ileum) LDC to mature and trigger T-cell 

activation on exposure to antigens. 

 

This can be implied in the first instance by DC expression of MHC type II and co-stimulatory 

molecules but this will require subsequent functional confirmation.  We therefore initially 

aimed to: 

 

1) Conduct dose ranging experiments to identify optimal 1,25(OH)2D3 concentrations 

producing detectable effects on DC maturity and co-stimulatory phenotypes; 

 

2) Determine the maturation and co-stimulatory phenotype of LDC from peripheral 

blood, enriched  for DC, in response to culture with both LPS and 1,25(OH)2D3; 

 

3) Determine the maturation and co-stimulatory phenotype of gut LDC, enriched for 

DC, in  response to culture with both LPS and 1,25(OH)2D3. 
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9.3  Methods 

 

9.3.1  Low Density Cells enriched for Dendritic Cells from Peripheral Blood 

LDC enriched for DC were isolated on a NycoPrep gradient from non-adherent cells after 

overnight PBMC culture (Chapter 4 - Methods).  

 

A Nycoprep density gradient was used to enrich dendritic cells from all tissue types 

(including gut).  All DC underwent the same culture time, which is important as DC 

spontaneously mature upon in vitro culture.  Our laboratory has previously demonstrated 

that the enriched DC populations isolated by this method were 98-100% HLA-DR+, with 

morphological features of DC both at optical and electron microscopy (Knight et al.,1986; 

Holden et al.,2008).  Enriching DC via Nycoprep gradient also selects for myeloid (CD11c+) 

DC, so the blood and later gut DC can be taken to be myeloid DC (Figure 9.6).  Hence, blood 

and gut DC used for the later allogeneic MLR are also of myeloid origin. 

 

LDC extracted in the above manner were cultured for another 24 hours in 1ml complete 

medium containing 0.5–1.0 x 106 cells with and without 1,25(OH)2D3 (10-6 M) and /or LPS 

(0.1ug/ml).  Culture conditions included co-culture with LPS continuously for 24hrs or added 

for the final 4 hrs of a 24hr culture. 

 

9.3.2 Low Density Cells enriched for Dendritic Cells from the Terminal Ileum 

Crohn’s Disease tends to demonstrate a predilection to involve the terminal ileum.  

Furthermore, Vitamin D is mostly absorbed in the small intestine.  Hence, DC 

compartmentalised in the gut epithelial microenvironment and regional lymphatics could 

potentially be exposed to pharmacological doses of Vitamin D taken orally, rather than 

relying solely on overall Vitamin D status and circulating precursors (e.g. 25-OHD3).  We 

therefore elected to investigate LDC extracted from the terminal ileum of healthy controls. 

 

In earlier work from our laboratory, protocols for identification and re-enrichment of 

intestinal DC from human intestinal biopsy tissue have been developed.  This process 

involves isolation of intestinal lamina propria mononuclear cell preparations, using either a 

collagenase digestion or walk-out technique (Chapter 4), followed by extraction of low-
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density mononuclear cells enriched for DC by the Nycoprep density gradient method.  The 

walk-out method allowed DC to be walked out of terminal biopsies overnight, in culture 

medium with and without 1,25(OH)2D3, whilst remaining exposed to some elements in the 

gut microenvironment which may be lost in the digestion process.  This is perhaps, a more 

realistic representation of the gut microenvironment in vivo, admittedly at 

supraphysiological concentrations of 1,25(OH)2D3 (10-6M). 

 

9.3.3 Flow Cytometry 

Following Nycoprep enrichment, DC within the isolated LDC population were identified 

according to viable cell characteristics on light scatter (FSC:SSC) profiles and HLA-DR+ 

Lineage- phenotype at flow cytometry (Chapter 6).  However, initial unresolved difficulties 

experienced during identification of DC within the LDC populations from the blood and 

intestine using the HLA-DR+Lineage- system resulted in the decision to analyse maturation 

marker expression within the LDC population as a whole based on FSC:SSC characteristics 

alone (discussed below).  

 

LDC maturation status and co-stimulatory potential was determined by flow cytometry 

using monoclonal antibodies to maturation markers including CD14, CD40, HLA-DR and ILT-

3.  The number of LDC available for antibody labelling restricted analysis of other markers.   

 

9.3.4 Electron Microscopy 

Electron microscopy (EM) was used to determine alterations in DC morphology in response 

to culture with vitamin D in support of phenotypic changes suggesting DC immaturity.  EM 

was kindly conducted by Mr. Nick English, APRG. 
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9.4  Results 

9.4.1  Identification of Low-Density Cells Enriched for DC from Peripheral Blood  

Low-density mononuclear cells enriched for DC were identified at multi-colour flow 

cytometry using FSC:SSC characteristics  (Figure 9.4).  Previous unpublished work in our 

laboratory (has demonstrated DC-enrichment of this low-density cell population of up to 

80% using cell suspensions over a NycoPrep gradient (Chapter 4). EM analysis confirmed 

enrichment of LDC confirming a majority of cells with DC morphology (Figure 9.16). 

 

a)   b)     
 

Figure 9.4. NycoPrep increases proportion of cells in the antigen presenting cell (APC) region within PBMC. a) 

Pre-NycoPrep: APC population (R2) and lymphocyte region (R1) constituted 9.11% and 57.7% of total events 

within PBMC respectively; b) Post-NycoPrep the lymphocyte region was reduced to 3.6%.  Hence, the cell 

suspension has been depleted of lymphocytes and refined to include low density cells (enriched for DC).  When 

gated on the viable cell region (large box) of the scatter plot, the proportion of events within the APC 

population was greater than 75%.  

 

Although our laboratory has previously demonstrated enrichment of cells with DC 

morphology up to 80%, many cells maintained some CD14 on their cell surface.  We sought 

to enhance the specificity of the DC population within LDC analysed for surface marker 

expression using HLA-DR+Lineage- phenotyping (Figure 9.5) which would exclude cells still 

bearing CD14. 

 



269 

 

a)   b)  

 

Figure 9.5. Identification of DC within low density mononuclear cells: The APC population following cell 

suspension separation over a Nycoprep density gradient are shown on a FSC vs. SSC plot.  Although already 

enriched for DC, the specific DC population within the mononuclear cell region could be further identified as 

HLA-DR
+
 and Lineage

-
 (CD3

-
,
 
CD14

-
, CD16

-
, CD19

-
, CD34

- 
and CD56

-
).  

 

 

Figure 9.6. Loss of CD11c
-
 DC population within LDC.  Histogram shows CD11c fluorescence gated on the DC 

region indication in figure 9.5b.  The absence of CD11c
-
 cells can clearly be seen, suggesting loss of the putative 

p-DC population during the extraction and culture process.  Hence, LDC population are likely to comprise 

mainly CD11c
+
 m-DC. 

 

Plasmacytoid CD11c- DC precursors (“plasmacytoid monocytes”) are dependent on several 

factors, including IL-3 (for survival) and CD40-L (for maturation).  Consequently, these cells 

tend to die rapidly after isolation and accounted in part for the loss of CD11c- cells within 

the LDC population (Banchereau et al.,2000). Exploratory labelling with BDCA2 (surface 

marker differentiating p-DC from m-DC) also showed very limited fluorescence implying the 
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presence of few p-DC (data not shown) within the DC regions. Hence, our LDC constituted 

largely CD11c+ DC. 

 

Identification of the HLA-DRHi Lineage- DC population within the LDCs was often 

compromised by difficulties associated with compensation, for example the HLA-DR+ 

Lineage- cell population was either indistinct or pushed up against the right lateral axis.  

Figure 9.5b illustrates an example of the “best” HLA-DR vs. Lineage histogram achieved.  

Several attempts at rectifying this problem did not yield clearer results, including diluting 

the concentration of the HLA-DR antibody and adjusting compensation parameters.  This 

unwanted effect appeared to be inherent to the culture process, as this phenomenon was 

not seen when analysing fresh PBMC using the same methods. Gating exclusively on the 

HLA-DRHi Lineage- population yielded inconsistent results.   

 

Our confidence in the validity of this method was further eroded by the reports in the 

literature that HLA-DR expression is influenced by  Vitamin D exposure.  Indeed, we later 

show 1,25(OH)2D3 significantly reduces HLA-DR expression by LDC/MoDC (Chapter 10). Of 

course, this may invalidate the use of the HLA-DR+Lineage- method for accurate DC 

population identification.  

 

We therefore opted to gate our phenotypic analysis on the known antigen-presenting cell 

(APC) region defined by the scatter characteristics (Figure 9.5).  Although cells maintaining 

some monocyte features (e.g. CD14+), are likely to be present in this population, these were 

largely of low density and with veiled morphology (supported by the EM data presented 

later in this chapter).  The population was therefore considered adequately enriched for DC.  

 

An incidental observation during the LDC culture experiments was noted in the flow 

cytometry forward and side scatter characteristics.  The addition of LPS decreased the 

overall size of the cells in the mononuclear cell population with movement down the FSC 

axis (Figure 9.7 / Table 9.1).  In addition, there was a slight increase in overall cell granularity 

(movement up the SSC axis).  This trend towards increased cell granularity and smaller size 

becomes more pronounced at higher concentrations of 1,25(OH)2D3.  Increased granularity 

likely reflects increased protein synthesis as a result of transcription in the Vitamin D 
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responsive elements.  There was no statistically significant difference (p=0.16, n=5) on 

analysis of the geometric means of the x axis and y axis positions, which indicates the 

central tendency or typical value of a set of numbers. Nevertheless, this dose related trend 

was visibly present in all LDC experiments. 

 

An increase in mononuclear cell density could potentially change the density characteristics 

of LDC, thereby affecting cell recovery over a NycoPrep gradient.  However, there were no 

significant differences in the number of cells recovered from control and Vitamin D cultures. 

 

 

 
             Control (C)        C + LPS               VD 10

-10
M +LPS                   VD 10

-8
M +LPS             

VD10
-6

M +LPS    

 
 

Figure 9.7.  Effect of culture in 1,25(OH)2D3  on LDC FSC:SSC characteristics. LPS increases the granularity of 

the mononuclear cell population (migration up the SSC (y) axis, an effect enhanced by culture with Vitamin D.  

Overall cell size within this population also decreased (migration down the FSC (x) axis). Differences in the 

geometric means did not reach statistical significance (p=0.16, n=5). Position of ringed area remained static 

between histograms. 

 

Table 9.1. Effect of LPS /  Vitamin D on cell on LDC scatter characteristics. Geometric means for forward 
scatter (x) and side-scatter (y) parameters (mean values, p=0.15, n=5). 

 
Culture Condition   geoMeanX geoMeanY 
Control    809.38  99.67 
Control + LPS    808.13  116.99 
1,25(OH)2D3 10-10 + LPS  799.34  115.60 
1,25(OH)2D3 10-8+LPS   790.19  120.77 
1,25(OH)2D3 10–6 +LPS  771.36  124.75     
 
 
 



272 

 

9.4.2 Dose-dependent effect of 1,25(OH)2D3 conditioning on LDC co-stimulatory 

phenotype 

 

An initial dose ranging experiment was conducted on LDC to identify an optimal culture 

concentration for the pilot studies.  Expression of the co-stimulatory markers CD40, CD 86 

and CD80 by peripheral blood LDC were determined in response to co-culture for 24 hours 

with LPS +/- 1,25(OH)2D3 at concentrations typically used in the literature to date (10-6M to 

10-10M) (Piemonti et al.,2000)  For those markers which are constitutively expressed by DC 

(e.g. HLA-DR, CD86), in which the percentage of cells positive (PP) is by definition over 90% 

(i.e. all DC are HLA-DRHi), the data shown are mean intensity ratio of fluorescence (MFI).  

 

 

a)  
 

b)  
 
Figure 9.8. Dose Dependent Effect of 1,25(OH)2D3 and LPS in Culture on Co-stimulatory Molecule Expression 

by Blood DC. a) CD40 and b) CD80 expression.  Data shows MFI (n=7).  Bars represent standard error of the 

mean (Mean±SEM). Statistical significance indicated by * p<0.05, ** p<0.01. 
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Antigenic stimulation of LDC by LPS produced a significant strong up-regulation of CD 40 and 

CD 80 expression (p<0.02 and p<0.01 respectively) over basal conditions.  There was a dose 

dependent effect on CD40 expression by 1,25(OH)2D3 in the presence of LPS, which achieved 

statistical significance at a concentration of 10-8M (p<0.05) (Figure 9.8a). However, there 

was no dose effect of Vitamin D on CD80 with no trend towards a reduction in expression at 

any concentration of 1,25(OH)2D3 (Figure 9.10b).  A similar pattern was seen for CD86 

expression (data not shown).  An experimental design deficit identified during initial analysis 

was the omission of a Vitamin D culture group without the addition of LPS, to define the 

effects of 1,25(OH)2D3 alone. 

 

The optimal effects on CD40 expression were demonstrated at the highest concentration 

(10-6M).  For the purposes of future pilot investigations, this 1,25(OH)2D3 concentration in 

culture was selected for all subsequent experiments.   

 
a) CD14 Expression  

LDC conditioned for 24 hours in complete media containing 1,25(OH)2D3 at a concentration 

of 10-6 M demonstrated a more immature phenotype compared to controls i.e.  a 

significantly increased expression (MFI) of monocyte marker CD14 (<0.01) (Figure 9.9).  This 

data suggests reversion to a monocyte-like phenotype.  

 

 
 

Figure 9.9 CD14 Expression by Blood LDC in Response to Culture with LPS and 1,25(OH)2D3. Total culture 

duration with 1,25(OH)2D3 (10
-6

 M) was 24hrs. LPS added for final 4 hrs of culture (4h) or co-cultured for 24hrs 

(24h). Data shows MFI (n=7, Mean±SEM). Statistical significance indicated by * p<0.05, ** p<0.01, *** 

p<0.001. 
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b) HLA-DR Expression 

Antigenic stimulation with the addition of LPS after 20 hours of culture (for 4 hours), rapidly 

and significantly increased HLA-DR expression greater than that seen in the basal (control) 

culture (MFI, p<0.001).  However, this effect was lost at 24 hours at which time HLA-DR fell 

below control baseline (MFI, p<0.05), possibly representing a reduction in HLA-DR 

expression as a result of a prolonged exposure to a highly stimulatory antigen leading to DC 

exhaustion. 

 
LDC culture in the presence of 1,25(OH)2D3 at a concentration of 10-6 M significantly 

reduced the expression of HLA-DR by peripheral blood LDC when compared with expression 

using basal conditions (p <0.004).   In the presence of strong antigenic stimulation (LPS) over 

the final 4 hours of culture, 1,25(OH)2D3 reduced the up-regulation of HLA-DR approaching 

that of basal conditions (p<0.001).  After 24 hours of co-culture with 1,25(OH)2D3 and LPS, 

HLA-DR expression was less than that in the control group (p<0.03) (Figure 9.10). 

 

 

Figure 9.10.  HLA-DR Expression by Blood LDC in Response to Culture in 1,25(OH)2D3 (10
-6

 M) and LPS.  Data 

shows MFI (n=7, mean±SEM). 
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c) Co-stimulatory Molecule Expression 

 

1,25(OH)2D3 significantly reduced up-regulation of expression of CD40 (MFI, p<0.001) even 

when co-cultured with the antigen liposaccharide (LPS) for 24hrs (Figure 9.12a).  Pre-

conditioning LDC with 1,25(OH)2D3 before the addition of LPS to the culture after 20hrs (for 

4 hours duration) prevented up-regulation of CD40 in response to LPS, maintaining near 

basal levels of expression (Figure 9.12b). 

 

a) b)  
 

Figure 9.12. 1,25(OH)2D3 Reduces CD40 Expression by Blood LDC when Co-cultured with LPS.  Histograms 

show a) Expression of CD40 in co-culture (24hrs) with LPS and 1,25(OH)2D3 compared to LPS alone (p<0.0001) 

and; b) Expression of CD40 with co-culture with LPS for 24hrs and 4hours (added at 20 hours of culture)(n= 14, 

mean±SEM) 

 

a)  b)   

Figure 9.13. Effect of 1,25(OH)2D3 on CD86 Expression by Blood LDC when Co-cultured with LPS a) Expression 

of CD86 (MFI)  in co-culture (24hrs) with LPS and 1,25(OH)2D3 compared to LPS alone (n=14, p<0.0001). b) 

Expression of CD86 (MFI) with co-culture with LPS for final 4 hours of culture and 24hrs and (n=7, mean±SEM). 
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Statistical significance was achieved in the control group without LPS (p<0.05, n=7). 

Reduction in the expression of CD86 by LDC cultured with 1,25(OH)2D3 and LPS did not reach 

statistical significance (Figure 9.13). When all data was combined to include the initial dose 

ranging experiments over 24 hours with 1,25(OH)2D3 at 10-6 M (Figure 9.13), there was also 

no statistical difference (n=14). 

 

 

d) Immunoglobulin-like transcript 3 (ILT-3) Expression 

LDC conditioned for 24 hours in complete media containing 1,25(OH)2D3 at a concentration 

of 10-6 M compared with controls demonstrated an immature phenotype with significantly 

increased expression (MFI) of ILT-3 (p<0.02) (Figure 9.14).   

 

 
 

Figure 9.14 1,25(OH)2D3 down-regulates ILT-3 expression by blood LDC when co-cultured with LPS. Data 

shows MFI (n=10,mean±SE). 
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9.4.3 Effect of Vitamin D on Low Density Cells under Electron Microscopy  

Electron microscopy of the LDC population isolated from peripheral blood by the Nycoprep 

technique served to confirm the presence of DC morphology in the majority of cells (Figure 

9.15), demonstrating many vacuoles and short or long projections (“veils”).   

 

There was no clear evidence of full reversion to a monocyte morphology associated with the 

increase in CD14 expression seen upon culture with Vitamin D.  However, there were 

several morphological differences between the control and Vitamin D +/- LPS groups which 

may be of immunological relevance.   

 
 

 
 
Figure 9.15 LDC show a Predominately Dendritic Cell Morphology.  At Electron Microscopy, LDC show a 
predominately dendritic cell morphology.  In this representative example, cell types present include a very 
small DC, DC/Mo and DC Type 3 (see Appendix C). Total magnification x6900. 

 

 

a) Vitamin D Affects the Morphology of Low Density Cells 

At electron microscopy, blood LDC demonstrated a predominately DC morphology with veils 

and vacuoles similar to that seen in MoDC.  However, LDC were a more heterogenous 

population than MoDC (Chapter 10) with a wider range of cell morphological types 

identified (see  Appendix C), perhaps reflecting their ex-vivo origin (Figures 9.15 and 9.18). 

DC/Mo 

vacuolated 

cell 

DC Type 

III 

Small 

immature 

DC 
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Conditioning with Vitamin D generally reduced the proportion of DC type 3.  In all three LDC 

experiments subject to EM analysis (n=3), Vitamin D caused an increase in the number of 

small cells likely to be immature DC (figure 9.15). These small cells were approximately the 

size of lymphocytes; however they generally had irregular shaped surfaces or evidence of 

the formation of projections (dendrites).  The most dramatic example occurred in the 3rd 

LDC experiment, where 28% of the cells were probable small immature DC.  Culture with 

1,25(OH)2D3 (10-6M) increased these numbers to 38% of the total cell population, in keeping 

with the promotion of an immature surface phenotype detected at flow cytometry.  This 

observation maybe in keeping with the observations noted in the forward (FSC) and side-

scatter (SSC) plots using flow cytometry, in which the LDC containing region appears to 

move down the FSC, consistent with smaller cell size (figure 9.7). 

 

In this particular experiment, culture with Vitamin D appeared to increase the proportion of 

cells with apoptotic features from 13% (control) to 30%. However, this was not consistently 

seen in the other two experiments which did not show an increased proportion of apoptotic 

cells.  The Annexin-PI assays (Chapter 8) did not suggest increased apoptosis in PBMC 

following culture with vitamin D, however given DC represent only 1% of the PBMC 

population, it is possible increased apoptosis in this small subpopulation with PBMC could 

have been missed. 

 

The addition of antigenic stimulation (LPS) increased the number of LDC in the sampled 

culture.  The co-culture with of Vitamin D and LPS negated this observed increase in LDC in 

response to LPS alone.  In the first experiment, co-culture also slightly increased apoptotic 

cells (11%) over that of LPS alone (7%).    

 

 

b) Vitamin D Influences Low Density Cell Intracellular Lipid Content  

Fat content of DC can also be assessed at EM.  Saturated fat has a white appearance within 

the cytoplasm, whereas osmium teraoxide stains unsaturated fat black.  The most 

noticeable difference was that culture with  Vitamin D increased the proportion of 

vacuolated cells and the DC that contained unsaturated (black) and partly saturated (grey) 
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lipid bodies.  This increase in unsaturated fat was most prominent in mature DC Type III 

(longer veils) than in DC with less mature morphology.  Moreover, when Vitamin D 

conditioned LDC were stimulated with LPS, more cells acquired these unsaturated lipid 

bodies.  

 

a)  b)   
 

c)  
 

Figure 9.16.  Low Density Cells Lipid Content at EM – Partly Saturated and Unsaturated Fat.  Images show 

Vitamin D-conditioned LDCs with DC Type II morphology containing a) vacuoles of partly saturated fat (grey) 

and b) unsaturated fat (black). Type III DCs with longer veils containing unsaturated lipid bodies are shown in 

(c). Total magnification x6900.   

 

Unsaturated 
Fat 
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a)        b)   
 
Figure 9.17. Dendritic Cell Lipid Content at EM – Saturated Fat. a) DC Type III showing saturated lipid (white) 

at magnification x11500; b) High magnification (x69000) of saturation lipid and dark membrane (containing 

unsaturated lipid). Example shows a MoDC cultured (no high quality image of LDC available, but fat 

appearance representative). 

 
 
Figure 9.18. Effect of 1,25(OH)2D3 on Blood LDC in Culture: Cell Morphology and Lipid Content at Electron 

Microscopy.  Data shows the proportion and types of cell morphology seen in response to pre-conditioning 

with 1,25(OH)2D3 (10
-6 

M) for 24hrs with addition of LPS at 20 hrs of culture.  The amount of lipid content as a 

proportion cytoplasmic area is also shown. Results shown are from a single experiment (V.ImmDC,Mo - small 

cells likely to be immature DC, see appendix for other morphological descriptions). 
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9.4.4 Effect of Vitamin D on the Co-stimulatory Phenotype of Terminal Ileal  

Low Density Cells  

 

During epithelial cell extraction from mucosal biopsies, EDTA (1mM) was added to remove 

the epithelial cell layer thereby facilitating intraepithelial cell walk-out, as per established 

protocol (Chapter 4)(Bell et al.,2001).  Ethylenediaminetetraacetic acid (EDTA) is a chelating 

agent that binds to calcium and prevents joining of cadherins between cells, preventing 

clumping of cells growing in liquid suspension or detaching adherent cells. However, the 

EDTA step of processing in particular seemed to cause disintegration of TI biopsies which 

were more fragile than similar colonic biopsies.  Significant amounts of the biopsy 

specimens were lost in the washing process limiting the ability to culture intact biopsy 

samples.  As a trial the EDTA step was omitted and initially seemed to yield a good harvest 

of walk-out cells.  Unfortunately, upon closer inspection at flow cytometry analysis, the cell 

populations on the FSC:SSC plot revealed a missing cell population with mononuclear cell 

characteristics (Figure 9.19b).  This missing population was likely to include relevant intra-

epithelial DC, hence the EDTA processing step was reinstated. 

 

a)                                                                            b)  

Figure 9.19. Terminal Ileal Biopsy Cell Recovery Using EDTA: a) Use of EDTA in biopsy processing yielded an 

additional mononuclear cell population with different flow cytometric parameters; b) Omission of EDTA during 

biopsy processing results in loss of a cell population within the mononuclear region, likely to represent 

intraepithelial cells of relevance. Examples representative of 3 experiments.   
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An additional problem was encountered during WinList analysis of flow cytometry data.  The 

HLA-DR vs. Lineage Cocktail histogram was distorted by skewing (Figure 9.20a), hence a 

clear DC region was difficult to distinguish.  Manual adjustment of the compensation plots 

within this histogram was attempted to tease out a distinct cell population (Figure 9.20b). 

However, a consequence of this manipulation was interference with the other fluorescence 

(FL) channels used to calculate expression of specific markers (figure 9.20). We were unable 

to achieve consistent results, both with and without manipulation of the compensation, 

which demonstrated no statistically significant differences.  Despite extensive attempts to 

isolate the cause for this distortion phenomenon, we were unable to resolve the problem in 

the available time frame. 

a)        b)      

Figure 9.20.  Distortion of HLA-DR vs. Lineage Cocktail Histogram – Gut DC Population. a) The tissue culture 

and cell extraction process reproducibly disrupted the HLA-DR vs. Lineage histogram impairing identification of 

a distinct DC region within the cell suspension at flow cytometry. B) Manual re-compensation within the 

histogram isolated a distinct cell population in the usual DC region (HLA
Hi 

Lineage
-
 (arrow).     

 

Figure 9.21 Effect of Manual Compensation within the HLA-DR versus Lineage (FL1/FL4) Histogram on the 

Isotype Control for B7 in FL2.  Isotype control and background fluorescence moved beyond first decade of 

fluorescent intensity. 
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Due to difficulties encountered with the reliability of the HLA+ Lineage- method of DC 

identification within the LDC population, we opted to gate upon the APC containing cell 

population using only scatter characteristics (Figure 9.19a, arrowed).  No additional manual 

compensation was attempted.  This analysis was challenging  as the APC population was less 

distinct in the terminal ileal biopsy walk-out LDC (Figure 9.19a) than in the peripheral blood 

LDC (Figure 9.6a).  The identity of the cells located above the typical APC region is unclear, 

but these could include cells in early/late apoptosis, as a similar dispersion pattern of the 

mononuclear cell region was seen in prolonged culture during the Annexin assays on PBMC 

(Chapter 8, Figure 8.5b). Alternatively, the differences largely in granularity (SSC) could 

reflect relevant differences in mucosal cell populations / compartments. 

 

No consistent results for homing marker (B7, CCR9) or toll-like receptor (TLR-2) were 

obtained.  A reduction expression of CD40 when in culture with Vitamin D did not reach 

significance (figure 9.22). 

 

 
 

Figure 9.22. Effect of 1,25(OH)2D3 on CD40 expression by terminal ileal walk-out low density cells.  Data 

shows CD40 expression (MFI) after pre-conditioning terminal ileal LDC (24hrs) during walkout with subsequent 

LPS exposure for the final 4hrs of culture (p=ns, n=5).  
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9.5 Discussion 
 
In peripheral blood LDC enriched for DC, culture with 1,25(OH)2D3 promotes an immature 

monocyte-like phenotype, increasing CD14 expression, reducing co-stimulatory molecule 

expression (CD40) and enhancing ILT3 expression, suggesting reversion to a monocyte-like 

state and implying a tolerogenic functional phenotype.  Vitamin D also affected LDC 

morphology, in particular increasing the proportion of small veiled cells, likely to represent 

immature DC.   

1,25(OH)2D3 or its analogues have been reproducibly shown to inhibit the maturation and 

co-stimulatory potential of DC in vitro (Penna & Adorini,2000; Piemonti et al.,2000; Berer et 

al.,2000; Canning et al.,2001; van Halteren et al.,2002).  Due to access to only limited 

numbers of purified DC from human blood and tissue samples, investigators have tended to 

focus on laboratory generated MoDC the supply of which is relatively unlimited (Griffin et 

al., 2000., Penna & Adorini, 2000; Piemonti et al., 2000).  Furthermore, MoDC have subtle 

phenotypic and morphological differences which may manifest in their functionality when 

compared to in vitro or ex-vivo DC.   We show that the active metabolite of Vitamin D has 

similar effects on LDC derived ex-vivo from peripheral blood. 

The immunomodulatory effects of 1,25(OH)2D3 in ex-vivo PBMC populations in the literature 

is limited.  This may be due to a tendency of researchers to favour MoDC or perhaps 

because they experienced difficulties in identifying specific cell subpopulations within 

cultured PBMC.  In the literature, researchers have simply demonstrated a reduction in 

proliferation of PBMC (using H3 thymidine) from Crohn’s Disease patients following culture 

with Vitamin D or its analogues (Stio et al.,2004).  We discovered in preliminary experiments 

that the typical DC population (HLA-DRHiLin-) within fresh PBMC became indistinct from 

other PBMC subpopulations following culture (data not shown).  In this initial analysis of 

PBMC cultured with Vitamin D did not demonstrate statistically different differences or 

consistency in the expression of several surface molecules implicated in DC function, 

including TLR, co-stimulatory molecules and several homing molecules e.g. B7, CLA and 

CCR7.  This may reflect the difficulties we described during flow cytometric analysis 

following  PBMC culture, but may simply demonstrate a dilution of effect due to the 

interactions of many heterogenous cell subpopulations.  Of course, the immune system is 
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far more complex than readily demonstrable in the in vitro conditions of the laboratory.  We 

would be naïve to think that the behaviour in culture of a single cell population (e.g. MoDC) 

reflects the multi-directional interaction of multiple cell types in vivo, which may exhibit 

differential functional consequences in response to a single agent (e.g. vitamin D). 

 

The ex-vivo LDC population of peripheral blood and gut offered an opportunity to both 

remove some of the complexities involved in analysing the PBMC population, whilst 

providing an enriched source of ex-vivo DC, although these were likely to select for 

predominately CD11c+ myeloid DC.  Largely in keeping with the immunomodulation of 

MoDC reported in the literature, 1,25(OH)2D3 exhibited a dose-dependent effect on LDC 

expression of the co-stimulatory molecule CD40 as well as increasing expression of the 

inhibitory molecule ILT-3 whilst reducing MHC II expression (HLA-DR).  There was no 

apparent effect of 1,25(OH)2D3 on CD86/80 expression, although up-regulation was seen 

upon the addition of LPS.  Nevertheless, this pattern of co-stimulatory molecule expression 

implies a ‘tolerogenic’ DC phenotype, likely to demonstrate reduced allostimulatory 

potential. 

CD40 is thought to play an important early role in DC maturation and development of 

costimulatory potential by influencing expression of other co-stimulatory (CD86/80) 

molecules (Sharpe & Freeman, 2002). In a series of in vitro studies, isolated human 

peripheral blood T-cells were stimulated through the CD28 receptor, along with TCR 

stimulation, in the absence of other costimulatory interactions.  Stimulation of the CD28 

receptor and TCR together, was found to up-regulate secretion of both TH1 and TH2-type 

cytokines.   Blockade of the interaction between CD28 and CD80 / CD 86 failed to 

completely inhibit T-cell responses or to induce T-cell anergy.  Complete inhibition and 

anergy were, however, induced with a combination of cyclosporin (a therapeutic 

immunomodulator often used in IBD), targeting downstream TCR-triggered signalling, as 

well as antiCD80- and antiCD86-directed reagents.  The addition of anti-CD80 or anti-CD86 

reagents could be delayed until at least 48 hours after the initiation of T-cell stimulation, 

indicating a requirement for a late interaction between CD28 and its counter-receptors, 

supporting an earlier role of CD40 (van Gool et al.,1996).  Our data suggests that up-

regulation CD86/80 expression in response to antigen occurs rapidly (within 24 hrs) and is 
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not wholly dependent on CD40 expression, as one would expect a similar dose-dependent 

pattern of expression.   

Members of the B7 co-stimulatory family may play a role in directly the immune response 

they co-stimulate.  In the murine MS model, experimental allergic encephalomyelitis (EAE), 

anti-CD80 reduced the incidence of disease while anti-CD86 increased disease severity by 

differentially activating the TH1/TH2 pathways (Kuchroo et al.,1995).  However, in addition to 

promoting initial T-cell activation and an active immune response, CD80/86:CD28 

interactions may also regulate self-tolerance by supporting CD4+CD25+ TR cell homeostasis.  

CTLA4, another receptor for B7 is up-regulated on activated T-cells and can deliver an 

inhibitory signal, down-regulating T-cell proliferation in both CD80/CD86 dependent and 

independent fashions.  Differences in CD80/CD86 mean the B7/CD28/CTLA-4 pathway has 

the ability to both positively and negatively regulate immune responses (Greenwald et 

al.,2005; Greenfield et al.,1998).   

The tolerogenic state of DC is characterized by low co-stimulatory potential and high 

expression of inhibitory receptors, in particular immunoglobulin-like transcript 3 (ILT3), 

which independently prevents the activation of both DC and T cells (Vlad et al.,2009).  

1,25(OH)2D3 has recently been reported to up-regulate ILT-3 expression by DC in vitro 

(Manavalan et al.,2003;  Adorini et al.,2004).  Importantly, this has also been demonstrated 

in vivo in psoriasis patients, in whom topical treatment with Vitamin D analogues is 

established first-line therapy in clinical practice.  Psoriatic plaques were treated with either 

topical Calcipotriol or glucocorticosteroid for 30-days, biopsied and analysed by 

immunohistochemistry.  Double staining for ILT-3 (anti-ILT3) and DC markers (CD1a /MD-C, 

CD123/P-DC) revealed low expression of ILT-3 in untreated lesions, however this was 

strongly enhanced in both m-DC and p-DC following treatment with the Vitamin D analogue, 

concomitant with histological improvement.  In contrast, there was no up-regulation of ILT-3 

by glucocorticosteroids.  

Investigators have revealed differential modulation of ILT-3 by 1,25(OH)2D3 in m-DC and p-

DC following exposure to maturation-inducing stimuli. Interestingly, while incubation with 

1,25(OH)2D3 did not affect ILT-3 expression by p-DCs, it markedly increased its expression on 

Mo-DCs, indicating a differential  VDR agonist-induced effect in the 2 DC subsets (Penna et 
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al.,2005). This is in keeping with cultures of m-DC and p-DC separated from PBMC by 

magnetically sorted with by BDCA-1 (m-DC) and BDCA-4 cell (p-DC) isolation kits and 

cultured with GM-CSF or IL-3 respectively (Penna et al.,2007). Up-regulation of ILT-3 may be 

necessary for the induction of CD4Foxp3+ TR cells by DC and is likely to contribute to the 

induction of immunotolerance by Vitamin D (Penna et al.,2005). 

When discussing the findings at EM, one should be aware of potential operator dependent 

variations and sample bias, as well as the small number of samples analysed due to the 

nature of this labour intensive technique. Nevertheless, EM analysis of peripheral blood LDC 

demonstrated several morphological features of potential immunological relevance.  

Although LDC were not returned completely to a monocyte morphology, Vitamin D did 

promote a smaller cell type, suggestive of an immature DC, in keeping with the immature 

phenotypic profile demonstrated (increased CD14 and ILT-3, reduced CD40 and HLA-DR).  

 

Furthermore, there was also an apparent difference in fat content of LDC, particularly 

unsaturated fat, in response to conditioning with vitamin D. The factors affecting storage, 

uptake and metabolism of the various fatty acids in DCs may have an impact on the function 

of the immune system.  This is potentially of interest as types of unsaturated fats are thought 

to have immunomodulatory properties (Knight 2008).  For example, the omega-3 fatty acid 

Ecosapentaenoic acid (EPA) appears to form potent anti-inflammatory molecules called 

resolvins and omega-3-oxylipins (Shearer et al.,2010). In addition, n-3 polyunsaturated fatty 

acids inhibit agonist-induced TLR activation (Thurnher 2007). This may account for the 

proclaimed anti-inflammatory effects of fish oils thereby supporting observations of some 

benefit in IBD (Turner et al.,2011).  Our laboratory has also previously demonstrated effects 

of lipid types in immune cells with potential immunomodulatory potential (Figure 9.22).  In 

contrast, the omega-6 polyunsaturated fats such as arachidonic acid may have pro-

inflammatory properties whilst saturated fatty acids may promote activation via TLRs.  For 

example, the saturated fatty acid, lauric acid, upregulates the expression of costimulatory 

molecules (CD40, CD80, and CD86), MHC class II, and cytokines (IL-12p70 and IL-6) in bone-

marrow-derived DCs via TLR activation (Weatherill et al.,2005).  This suggests that 

differential modulation of immune responses by DC occurs dependent on the type of fat in 

question. 
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Further experiments are required in order to confirm a consistent effect of Vitamin D on 

morphology and the relevance of lipid content. However, as a direct result of our data 

suggestive of altered fat content in LDC conditioned with Vitamin D, colleagues in our 

laboratory recently demonstrated that culture with Vitamin D increased uptake of bodipy, a 

lipophilic fluorescent dye, by LDC indicating increased lipid uptake (Personal communication 

H.Omar – unpublished data). 

 

Figure 9.23. Unsaturated fat in low density cells cultured with Ecosapentaenoic acid.  DC Type 3 with a 

euchromatic nucleus and black unsaturated lipid bodies (arrow) in the cytoplasm and a small cell with a thin area of 

cytoplasm in contact with it. This small cell could be a lymphocyte or as some small veils are present, it could be a 

very immature DC.  This sample was from LDC cultured for 48 hours with EPA. 

In conclusion, ex-vivo LDC respond to the active metabolite of Vitamin D in culture, 

demonstrating a co-stimulatory profile suggestive of an immunotolerant phenotype.  This 

supports the hypothesis that an improved Vitamin D in IBD patients may exert 

immunomodulatory properties on peripheral blood DC in vivo.  In chapter 10, we aim to 

confirm that a similar immature surface phenotype occurs in the MoDC model and 

correlates with a functional immunotolerance.  
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Abstract 
 
Introduction 

In the preceding chapter, we have demonstrated that low-density cells (LDC) enriched for 

Dendritic Cells (DC), obtained from peripheral blood, acquire an immature phenotype 

profile in response to culture with the active form of vitamin D, 1,25-(OH)2D3.  This 

immature LDC phenotype was characterised by significantly increased expression of the 

monocyte marker CD14 which was also associated with reduced expression of HLA-DR 

suggesting a LDC phenotype more in keeping with that of the immediate precursors to DC, 

monocytes (CD14Hi).  In addition, 1,25-(OH)2D3  conditioned LDC had reduced expression of 

co-stimulatory markers (CD40) and up-regulation of the inhibitory receptor ILT-3.  Taken 

together, in association with previously published work in the literature, this data implies 

that 1,25-(OH)2D3 conditioned DC would also exhibit functional immaturity. 

 

We hypothesized that the immature phenotype induced on LDC after exposure to 1,25-

(OH)2D3  would also occur in laboratory generated monocyte-derived DC (MoDC).  

Furthermore, since mature DC lose the capacity for endocytosis, we hoped to demonstrate 

correlation of an immature surface marker phenotype with features of functional DC 

immaturity.  Hence, the functional capacity of MoDC and monocytes was assessed by an 

endocytosis assay, which is positively correlated with an immature state of antigen 

presenting cells, as well as the ability to stimulate proliferation by allogeneic T-cells in the 

mixed leucocyte reaction (MLR). 

 

Methods 

Human MoDC from healthy donors were cultured for 24-hours in medium containing 1,25-

(OH)2D3  (0M, 10-8M, 10-7M and 10-6M) with and without antigen (LPS) stimulation.  Multi-

colour flow cytometry was used to determine: 1) Expression of surface maturation (CD14, 

HLA-DR) and activation (CD40, CD86, CD80, ILT-3) markers; 2) FITC-Dextran uptake and 3) 

Allogeneic T-cell proliferation. 
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Results 

 MoDC conditioned with 1,25-(OH)2D3  expressed significantly less of the co-stimulatory 

molecule CD40 and up-regulated expression of the inhibitory receptor ILT-3 compared with 

basal conditions.  Furthermore, after 1,25-(OH)2D3  exposure MoDC significantly recovered 

expression of CD14 . The expression of DC inhibitory receptor ILT-3 was elevated above 

basal levels in response to LPS alone. 

 

MoDC endocytic capacity showed a statistically significant positive correlation with CD14 

recovery.  Even in the presence of potent maturation stimuli (LPS), 1,25-(OH)2D3  was able 

to maintain basal levels of FITC-Dextran uptake whilst re-inducing the expression of CD14 

and preventing up-regulation of CD40.  These homeostatic effects of 1,25-(OH)2D3 were 

dose-dependent.  The ability of MoDC and intestinal LDC conditioned with 1,25-(OH)2D3  to 

stimulate proliferation of allogeneic T-cells was also significantly reduced in a dose-

dependent manner. 

 

Discussion 

1,25-(OH)2D3 induces an immature phenotype on human MoDC in a dose-dependent 

manner to the extent that fully differentiated MoDC (CD14-) are “de-frocked” and returned 

to a monocyte-like state (CD14+). 1,25-(OH)2D3 conditioning  rendered an immature and 

tolerogenic phenotype on MoDC which exhibit increased capacity for endocytosis.  MoDC 

and intestinal LDC showed a reduced potential to stimulate allogeneic T-cells following 

culture with 1,25-(OH)2D3. 

 
 
 
 

 

 

 

 

 

 



294 

 

Chapter 10 

The Effects of Vitamin D on Dendritic Cell Phenotype and Function 

 

10.1  Background 

In vivo, DC are continuously produced from hematopoietic stem cells in the bone marrow 

and are widely distributed as immature cells, such as epidermal Langerhan's cells, splenic 

marginal zone DC and interstitial DC, in both lymphoid and non-lymphoid tissues 

(Banchereau & Steinman,1988).   However, circulating DC are rare (<1% of human peripheral 

blood mononuclear cells) and are both notoriously difficult to isolate in adequate numbers 

from peripheral blood or tissue and to maintain in culture for use in laboratory 

investigations. Most experimental and clinical studies currently rely on the in vitro 

differentiation of DC–like cells from CD34+ progenitor cells or non-proliferating blood CD14+ 

monocytes (Sallusto & Lanzavecchia, 1994; Romani et al.1994). 

 

Peripheral blood monocytes (CD14Hi) are cultured for 5 to 7 days with supra-physiological 

concentrations of granulocyte macrophage colony-stimulating factor (GM-CSF) and 

interleukin-4 (IL-4) to generate immature, monocyte-derived DC (MoDC).  MoDC are HLA-

DR+Lineage-CD11c+CD14- having lost CD14 expression but gained MHC class II molecules and 

other myeloid markers.  These laboratory-generated immature MoDC initially have poor 

allostimulatory potential due to expression of low levels of co-stimulatory (activation) 

markers in keeping with their immature phenotype.  Subsequent antigenic, pro-

inflammatory or T-cell–derived stimuli lead to rapid maturation with associated up-

regulation of co-stimulatory molecule expression resulting in strong allo-stimulatory 

potential and induction of an immune response (Sallusto & Lanzavecchia, 1994; Romani et 

al.,1994). 

 

Monocytes and immature DC are efficient at endocytosis, a process particularly important in 

the sentinel role DC play in the immune system.  Endocytosis is the process by which the 

plasma membrane invaginates, engulfing a sample of the external environmental milieu 

thereby enabling cells to internalise external proteins or substrates.  During the maturation 

process following antigenic or other stimuli, DC down-regulate endocytic and phagocytic 

receptors (Garrett et al.,2000).  They subsequently lose endocytic capacity during migration 
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to the local lymph tissue whilst up-regulating their surface expression of co-stimulatory 

molecules in order to prime T-cells with the respective antigen.  

 

Glucocorticoids, such as dexamethasone, are well-known inhibitors of the immune and 

inflammatory response and are established therapy for induction of remission in active IBD.  

Piemonti et al investigated the effect of dexamethasone on the differentiation and 

maturation of human DC during differentiation from human monocytes by culture in vitro 

with GM-CSF and IL-4 for 7 days with and without dexamethasone (10-8M). Although MoDC 

treated with dexamethasone (Dex-MoDC) developed characteristic dendritic morphology 

according to the electron microscopy results, surface phenotype analysis revealed failure to 

fully differentiate into MoDC with expression of low levels of CD1a and high levels of CD14.  

Co-stimulatory molecule expression (CD40, CD86) was also impaired.  In contrast, molecules 

involved in antigen uptake (mannose receptor and CD32) and cell adhesion (CD11/CD18, 

CD54) were up-regulated.  After exposure to maturational stimuli (TNF-  or CD40 ligand), 

Dex-MoDC also expressed lower levels of CD83 and CD86 than untreated cells.  

Dexamethasone also partially blocked terminal maturation of already differentiated DC 

(Piemonti et al.,2000).  

 

Functional DC immaturity following exposure to corticosteroids has also been demonstrated 

by enhancement of mannose receptor (MR)-mediated endocytosis (measured by cell uptake 

of FITC–Dextran) in Dex-DC.  Despite exposure to maturation stimuli and consequent 

reduction in endocytic uptake of FITC–Dextran, the expression of MR and CD32 remained 

higher in Dex-MoDC than in control DC.  In view of this apparently enhanced capacity to 

capture antigen capture, the ability of Dex-MoDC to present soluble antigen requiring 

processing (tetanus toxin) to T-cells was evaluated. MoDC differentiated in the presence of 

dexamethasone were much less efficient at presenting tetanus toxin to specific autologous T 

cell lines (Piemonti et al., 1999a,1999b).  Taken all together this data suggested that 

glucocorticoids may act at the very first step of the immune response by modulating DC 

differentiation, maturation and function; favouring the scavenging of antigen from the 

external milieu thereby decreasing antigen concentration and availability, whilst 

simultaneously inhibiting the capacity to stimulate T cells. 
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In the preceding chapter, we demonstrated a similar effect of 1,25(OH)2D3 on the 

maturation and co-stimulatory phenotype of blood LDC as shown by others with 

glucocorticosteroids in MoDC (Piemonti et al.,1999).  LDC conditioned with 1,25(OH)2D3 

exhibited a surface marker profile suggestive of an immature phenotype, manifest as 

reduced expression of co-stimulatory markers (CD40) and up-regulation of the inhibitory 

receptor ILT-3.  Furthermore,  1,25(OH)2D3 conditioned LDC also showed increased CD14 

and reduced HLA-DR expression, implying an immature LDC phenotype akin to that of 

precursor monocytes (CD14Hi).   

 

 

10.2  Hypothesis and Aims 

 

The immature LDC phenotype demonstrated in the previous chapter only implies that 

immunotolerogenicity with poor allostimulatory potential is the likely functional 

consequence of 1,25(OH)2D3, based on previously published work in the literature. We 

believed it was important to confirm that 1,25(OH)2D3 indeed promotes a functionally 

immature DC, which correlates with the surface marker phenotype.   

 

We therefore aimed to: 

 

1) Confirm DC derived from CD14+ monocytes (MoDC) in the laboratory demonstrate a 

similar phenotypic profile to that of LDC in response to culture with 1,25(OH)2D3 and 

/ or LPS; 

2) Demonstrate functional MoDC immaturity in response to culture with 1,25(OH)2D3 

with and without the presence of maturational stimulus (LPS) by the capacity to 

endocytose fluorochrome-conjugated Dextran (FITC-Dextran); 

3) Demonstrate allo-stimulatory capacity of 1,25(OH)2D3 conditioned MoDC in the 

mixed leucocyte reaction (MLR); 

4) To demonstrate allo-stimulatory potential of 1,25(OH)2D3 conditioned intestinal LDC 

in the MLR. 
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10.3  Methods 

 

10.3.1  Generation and Vitamin D Conditioning of MoDC: 

Immature MoDC were differentiated from purified peripheral blood monocytes in culture 

with IL-4 and GM-CSF for 5 days (Chapter 4).  MoDC were re-suspended in 1ml of complete 

medium, containing 1,25(OH)2D3 at different concentrations (10-6M, 10-7M and 10-8M) or 

LPS (1g/ml) with and without 10-6M of 1,25(OH)2D3 at a final concentration of 200,000 

cells/ml. Cells were cultivated in FACS tubes for a further 24-hours under standard culture 

conditions.  Each condition was performed in triplicate (i.e. 3 FACS tubes for each 

experimental condition). All results were compared to a basal culture that represented an 

internal control 

  

After culture, MoDC were labelled with fluorochrome-conjugated antibodies to CD14, ILT-3, 

CD40, CD80, CD86 and HLA-DR and expression of these markers assessed at flow cytometry.  

Triplicate samples were processed independently in all the cases to demonstrate 

reproducibility of the experiments. 

 

10.3.2  Extraction of Terminal Ileal Low Density Cells 

Terminal ileal LDC were isolated over Nycoprep gradients following walkout from ileal 

biopsy samples.  LDC were conditioned in culture media with and without 1,25(OH)2D3 (10-

6M) during the 24 hour walkout process (as described in Chapters 4 and 9). 

 

10.3.3  Endocytosis Assay of MoDC 

The endocytic capacity of conditioned MoDC was assayed by the addition of FITC-Dextran 

(1mg/ml) to each tube for the last 2 hours of the final 24 hours incubation period at 37C.  

An internal control (“pseudo-isotype”) was performed in parallel, incubating cells at 4C 

upon addition of FITC-Dextran resulting in arrest of further cell metabolism and function, 

preventing FITC-Dextran uptake (Chapter 4). 

 

To investigate the effect of 1,25(OH)2D3 on DC differentiation from CD14+ monocytes were 

cultured in the presence of GM-CSF, IL-4 for 6 days. These differentiating cells (MoDC), were 

cultured for the last 24 hours in various concentrations of 1,25(OH)2D3 and/or LPS. 
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Identification of MoDC was made at multi-colour flow cytometry according to scatter plot 

characteristics.  Differentiation from monocytes was confirmed by demonstrating the loss of 

CD14 expression whilst increasing HLA-DR expression. 

 

10.3.4  Stimulation of Allogeneic T-cells by MoDC and LDC in the MLR 

MoDC or LDC were conditioned with and with 1α,25(OH)2D3 in cultured for 24 hours before 

the mixed leucocyte reaction.  Allogeneic T-cells were stimulated with control-DC and 

1,25(OH)2D3 conditioned -DC.  The subsequent proliferation of allogeneic T-cells was 

determined using CFSE to identity dividing T-cells as described in Chapter 4). 

 

10.3.5  Statistical Analysis  

Statistical analysis was performed as appropriate including the student t-test, 2-way analysis 

of variance (ANOVA) with Bonferroni correction (corrects for a potential type 1 error based 

on n-number) and Pearson correlation for correlative data.  P<0.05 was considered 

statistically significant (*) whilst p<0.001 was highly significant (***). 
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10.4  Results 

 

10.4.1  Effects of Vitamin D on MoDC co-stimulatory and maturation phenotype 

 

 

a) Identification of MoDC at Flow Cytometry   

Viable MoDC were identified at flow cytometry according to their FSC-SSC characteristics.  

Completion of differentiation from their monocyte precursors was confirmed after 5 days of 

culture in a small sample by negativity for CD14 expression (Figure 10.1), before 

conditioning with and without 1,25(OH)2D3and / or LPS for a further 24 hours.  Conditioned 

viable MoDC were labelled for surface expression of CD14, CD40, HLA-DR, CD86, CD80 and 

ILT3 at flow cytometry. 

 

 

a)             b) % positivity for CD14% positivity for CD14  

 

Figure 10.1 Identification of MoDC population and CD14 phenotype. a) Identification of the viable MoDC cell 

population (gated) at flow cytometry; b) Single parameter histogram of CD14 expression within the gated 

viable cell MoDC population.  MoDC are CD14
 
negative (<log 10

1  
fluorescence). 
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b) CD14 Expression by MoDC in Response to Culture with 1,25(OH)2D3 

 

Basal 1,25(OH)2D3 10-8M                                 1,25(OH)2D3  10-7 M 

        

 

1,25(OH)2D3  10-6M                                     LPS 1μg/ml          LPS 1μg/ml + 1,25(OH)2D3 10-6M 

      

Figure 10.2a CD14 expression by 1,25(OH)2D3 conditioned MoDC. Single parameter histograms, 

representative of 3 independent experiments performed in triplicate, showing percentage of MoDC positive 

for CD14 expression. These data demonstrate a positive dose dependent results for CD14 expression in 

response to culture with 1,25(OH)2D3, exhibiting a  right shift in fluorescence associated with strong positive 

intensity ratios (> 2). 

 

***

*** ***

***

*** ***

 

Figure 10.2b   Mean percentage of cells positive for CD14 expression in 1,25(OH)2D3 conditioned MoDC. Each 

condition was assayed in triplicate in 3 independent experiments.  Bars show standard deviation of the mean 

(Mean ± SD) 

% Positive <1% 

% Positive 83.29% 

% Positive 6.35% % Positive 39.10% 

% Positive 48.00% % Positive <1% 
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These data demonstrated that culture of MoDC in basal conditions maintains the CD14- 

surface phenotype expected of an immature DC following differentiation from precursor 

CD14+ monocytes.  Conditioning with 1,25(OH)2D3 significantly  (p<0.001) and dose-

dependently induces recovery of expression of CD14 on MoDC at all concentrations of 

1,25(OH)2D3, even in the presence of a strong antigenic maturational stimulus such as LPS. 

 

 

 

c) CD40 Expression by MoDC in Response to Culture with 1,25(OH)2D3 

 

Basal conditions                 1,25(OH)2D3 at 10-8M              1,25(OH)2D3 at 10-7M  

         
 

  1,25(OH)2D3  10-6M                                LPS 1μg/ml          LPS 1μg/ml + 1,25(OH)2D3 10-6M 

        

 

 

Figure 10.3a  CD40 expression by 1,25(OH)2D3  conditioned MoDC. Single parameter histograms showing 

surface expression of CD40 by MoDC (positive fluorescence intensity ratios are shown - IR).  Data is 

representative of 3 independent experiments performed in triplicate. 

 

 

 

 

 

IR 47.58 
IR 40.44 IR 31.99 

IR 76.22 
IR 52.47 IR 20.66 
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***

*

***

***

***

*

***

***

 
 

Figure 10.3b  CD40 expression by 1,25(OH)2D3  conditioned MoDC. Flow cytometry data showing surface 

expression of CD40 by MoDC (mean fluorescence intensity - MFI) in basal conditions, after 1,25(OH)2D3 (VitD) 

culture at several doses (10
-6

, 10
-7

 and 10
-8

M) or LPS (1µg/ml) and after co-culture (VitD 10
-6 

+ LPS 1µg/ml).  

Each condition was assayed in triplicate in 3 independent experiments (Mean ± SD). 

 

Immature MoDC are positive for surface expression of the co-stimulatory marker CD40 even 

in non-stimulated basal culture conditions.  As expected upon an antigenic maturational 

stimulus (LPS) MoDC strongly up-regulated CD40 expression.  Conditioning with 1,25(OH)2D3 

down-regulated CD40 expression significantly in a dose-dependent manner. Moreover, in 

LPS co-culture with 1,25(OH)2D3, CD40 up-regulation was maintained near basal levels. 

 

d) Expression of Co-stimulatory Markers CD 86 / CD80 by MoDC upon Culture with 1,25(OH)2D3 
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Figure 10.4 a) CD86 and CD80 expression by MoDC a) Percentage of cells positive for CD 86; b) Mean 

Fluorescence Intensity of CD86 expression, and c) Percentage of MoDC positive for CD80 expression (n=1) 
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The co-stimulatory molecule CD86 was expressed by over 90% of MoDC in all experimental 

conditions.  The intensity of fluorescence was substantially increased by stimulation with 

LPS, implying increased CD86 expression and activation at an individual cell level.   There 

was no evidence that 1,25(OH)2D3 counteracted LPS-induced up-regulation of CD86.  CD80 

was also highly expressed by MoDC and up-regulated by LPS compared with that of basal 

and 1,25(OH)2D3 conditioned MoDC. There was little evidence for any influence of 

1,25(OH)2D3 on CD80 expression even at supraphysiological levels (10-6M)  These data were 

derived from a single initial exploratory experiment and were not repeated in order to focus 

on maturation markers which demonstrated more convincing variation with 1,25(OH)2D3or 

LPS.  Consequently, statistical analysis was not possible on single data sets.  Although 

comments on a single set of data is only speculative, the lack of effect of multiple doses of 

1,25(OH)2D3 on CD86 and CD80 expression, which remains similar to basal levels , and no 

reduction in LPS induced up-regulation, may reflect a predominant effect of 1,25(OH)2D3on 

CD40. 

 

e) ILT-3 Expression by MoDC in Response to Culture with 1,25(OH)2D3 

 

*

***

*

***

***

*

***

*

***

***

 

Figure 10.5  ILT-3 expression by MoDC. Mean Fluorescence Intensity on MoDC in the basal condition, after 

1,25(OH)2D3 (VitD) stimulation at several doses (10
-6

, 10
-7

 and 10
-8

M) or LPS (1µg/ml) and after co-stimulation 

(VitD 10
-6 

+ LPS 1µg/ml) (n=9, mean± SD). 

 

Immature MoDC expressed low levels of the inhibitory molecules ILT-3 which was dose-

dependently and significantly up-regulated by culture with 1,25(OH)2D3. Of note, LPS 

stimulation lead to significant up-regulation of ILT-3, an effect which was even more 

amplified by co-culture with 1,25(OH)2D3 (10-6M).  
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f) HLA-DR Expression by MoDC in Response to Culture with 1,25(OH)2D3 
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Figure 10.6  HLA-DR expression by MoDC. Mean fluorescence intensity of HLA-DR expression on MoDC in the 

basal condition, after culture with 1,25(OH)2D3 at several concentration (10
-6

, 10
-7

 and 10
-8

M) or LPS challenge 

(1µg/ml) and after co-culture (VitD 10
-6 

+ LPS 1µg/ml)  (n=1)  

 

MoDC were labelled for the MHC class II HLA-DR complex, expressed by antigen presenting 

cells, in a single and non-duplicate exploratory experiment.  Basal expression of HLA-DR was 

demonstrated as expected by differentiated MoDC.  A dose-dependent down-regulation of 

HLA-DR was also evident.  Statistical analysis of data from a single, non-duplicated 

experiment was not possible, however the apparent effect of 1,25(OH)2D3 and LPS is in 

keeping with earlier LDC data (Chapter 9).  

 

g) CD34 Expression by MoDC in Response to Culture with 1,25(OH)2D3 

 

 

Figure 10.7   CD34 expression by MoDC.  The percentage of MoDC positive for CD34  on at the basal condition, 

after culture with 1,25(OH)2D3 (VitD) at several concentrations (10
-6

, 10
-7

 and 10
-8

M) or challenge (1µg/ml) and 

after co-culture (VitD 10
-6 

+ LPS 1µg/ml) (n=2, mean ± SD). 
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Following the observation that differentiated MoDC (CD14Lo) conditioned in 1,25(OH)2D3 

appeared to revert to a precursor monocyte (CD14Hi) phenotype, we wanted to determine 

the extent of potential genealogical reversion back along the myeloid haemopoietic cell line, 

which may have extended beyond the immediate DC precursor, the monocyte.  CD34 is 

largely expressed by early progenitor cells of myeloid lineage.   

 

A dose-dependent trend for 1,25(OH)2D3 to slightly increase CD34 expression above basal 

level can be seen, however this trend was not statistically significant and standard error bars 

can be seen to overlap between 1,25(OH)2D3 concentrations and the basal condition (Figure 

9.5b).  Hence, we cannot conclude that 1,25(OH)2D3 up-regulates its expression on the basis 

of this limited number of  experiments (n=2), however the observed trend may become 

more significant with repetition.   

 

Nevertheless, as LPS leads to profound suppression of CD34 even beyond basal expression, 

indicating this potent pro-inflammatory antigenic maturational stimulus strongly promotes 

MoDC to become fully mature DC, leading to further loss of CD34 expression.  The 

immunomodulatory properties of 1,25(OH)2D3 were demonstrated once more with the co-

culture of 1,25(OH)2D3 with LPS which completely abrogated the profound inhibition of this 

marker seen with LPS alone. Thus, after 1,25(OH)2D3 and LPS co-culture MoDC prevented 

down-regulation of CD34 expression, demonstrating once more that 1,25(OH)2D3 is able to 

suppress the maturational effect induced by LPS 

 

 

 

10.4.2 Homing Marker Expression by MoDC 

Exploratory preliminary analysis of homing marker expression by MoDC in response to 

1,25(OH)2D3  and LPS did not reveal significant differences (data not shown, n= 3, in 

triplicate).  Homing markers assessed included the gut homing molecules B7 and CCR9; skin 

homing CLA, CCR10 and CCR4; inflammatory chemokine receptor CCR5 and lymphoid 

homing CCR7, CCR8).    
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10.4.3 Correlation of Maturation and Functional Phenotype in Monocyte-derived DC  

Having established that vitamin D-conditioned MoDC and LDC both demonstrate similar up-

regulation of surface markers suggestive of an immature and likely tolerogenic DC 

phenotype (CD14, ILT-3), with down-regulation and prevention of up-regulation of co-

stimulatory molecules, the correlation of this phenotype with subsequent DC functionality 

was assessed. Two measures of DC functionally were determined: 1) Capacity for 

endocytosis and, 2) Ability to stimulate allogeneic T-cells in the mixed leucocyte reaction.  

 

a)  Effect of 1,25(OH)2D3 on Endocytosis Capacity in MoDC 

Monocytes and immature DC possess the ability to endocytose in order to sample antigen in 

the local environmental milieu.  However, upon increasing maturation, such as in response 

to exposure to LPS,  DC lose this capacity as they perform their sentinel function and 

progress to antigen-presentation.   

 

 

Figure 10.8a   Uptake of FITC-Dextran by vitamin D-conditioned MoDC.     Dose dependent uptake of FITC-

Dextran is shown by MoDC conditioned with and without 1,25(OH)2D3  or LPS.  Data representative of 3 

independent experiments conducted in triplicate (Mean ± SD). 

 
A level of inherent endocytic activity was evident in immature MoDC exposed to culture for 

24 hours in basal (control) conditions. Upon exposure to a maturational stimulus (LPS) over 

the same period, endocytic capacity decreased (p<0.001).  However, in response to 

conditioning for 24 hours with 1,25(OH)2D3, MoDC demonstrated enhanced uptake of FITC-

Dextran in a dose-dependent manner which was statistically significant at all 3 
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concentrations (n=9 in triplicate, p<0.001).  Endocytic activity was maintained at basal levels 

in 1,25(OH)2D3 (10-6M) -conditioned MoDC, despite the simultaneous addition of LPS. 

 

 

 

 

Figure 10.8b  Correlation of FITC-Dextran Uptake and CD14 Expression in MoDC.  This figure shows the 

positive correlation between FITC-Dextran uptake and Percentage of Cells Positive for CD14 Expression by 

MoDC conditioned with 1,25(OH)2D3  and/or LPS. 

 
 

 
 

Table  10.1 Correlation of FITC-Dextran Uptake and CD14 / ILT-3 Expression in MoDC. Data shows values for 

percentage of cells positive and MFI. 

 
 
The capacity for endocytosis showed a significant and strong positive linear relationship 

(r=0.8399) between CD14 (%) expression and MoDC uptake of FITC-Dextran confirming a 

significant correlation (r=0.8399, p<0.0001) using the Pearson correlation.  However, there 

was no significant correlation with ILT-3 and endocytic capacity. 
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b) Allo-stimulatory Potential of Vitamin D - Conditioned MoDC 

The functional phenotype of MoDC, pre-conditioned with and without 1,25(OH)2D3 ,was 

further assessed in the mixed lymphocyte reaction (MLR) to determine allogeneic T-cell 

stimulation.  Basal T-cell proliferation was assessed by culture of CSFE-labelled allogeneic T-

cells alone.  MoDC were added at several concentrations (1, 2 and 3%), expressed as a 

percentage of total T-cells, based on previous experience in our laboratory (Figure 10.9).  

 

              

a) T-cells only  (MoDC 0%)   b)   T-cells + MoDC  3% 

 

Figure 10.9  MoDC and allogeneic T-cells in the Mixed Lymphocyte Reaction (MLR).  Identification of MoDC 

and T-cell populations in the MLR at flow cytometry based on forward scatter – side scatter profile.  Gated 

viable cells indicating the overall T-cell population and stimulating MoDC a) MoDC 0% and b)  MoDC 3%. 

 

         

a) T-cells alone   b)      T-cells + MoDC 3% 

 

Figure 10.10 Mixed Lymphocyte Reaction - Identification of T-cell Proliferation.  Allogeneic T-cells in the MLR 

are labelled with the retained cytoplasmic dye CFSE.  On each successive cell division, CFSE fluorescence is split 

between subsequent  daughter cells.  Hence, proliferating T-cells can be identified from the original T-cell 

population by reduced CFSE associated fluorescence at flow cytometry by gating as shown above:  a) T-cells 

alone and b) T-cells plus 3% MoDC.  Data representative of several experiments (n=3). 
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Figure 10.11 Stimulation of allogeneic T-cells by 1,25(OH)2D3-conditioned MoDC.  This data shows 

proliferation of allogeneic T-cells following 5-days stimulation by MoDC pre-conditioned for 24hrs with 

1,25(OH)2D3 ( 0, 10
-10

,10
-8

 and 10
-6

M) in the MLR.  The graph shows the percentage number of dividing T-cells 

within the total allogeneic T-cell population indicated by the exponential reduction in CFSE retention upon 

each subsequent T-cell division. Data representative of several experiments (n=3). 

 

1,25(OH)2D3 conditioned MoDC showed a dose-dependent reduction in the ability to 

stimulate allogeneic T-cells.   In the 2-way ANOVA, there was a dose-dependent effect on 

allogeneic T-cell proliferation for both the percentage of stimulating MoDC (p<0.0001) and 

at all concentrations of 1,25(OH)2D3 conditioning (0<0.001). 

c) Allo-stimulatory Potential of Vitamin D - Conditioned Terminal Ileal LDC 

As previously described, MoDC are in vitro generated DC exposed to supraphysiological 

concentration of cytokines (IL-4, GM-CSF) in order to drive differentiation from monocyte 

precursors.  We therefore aimed to demonstrate the potential therapeutic effect of 

1,25(OH)2D3 on ex-vivo intestinal LDC.  In principle, pharmacologically delivered vitamin D 

could be absorbed in the gut of Crohn’s Disease patients, exposing epithelial and regional 

lymphatic DC to 1,25(OH)2D3 or its precursors. 

 

Terminal ileal mucosa biopsies were exposed to 1,25(OH)2D3  for 24 hours during the 

“walkout” technique described in Chapter 9.  LDC isolated in this process were used, at 

several concentrations (0, 1, 2, and 3% of T-cell population)to stimulate naive T-cells in the 

MLR.  Subsequent proliferation and homing marker expression by dividing T-cells were then 

determined at flow cytometry. 
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Figure 10.12  Stimulation of allogeneic T-cells by 1,25(OH)2D3-conditioned terminal Ileal LDC. Graph shows 

the proportion of proliferating allogeneic T-cells upon stimulation (over 5 days) by 1,25(OH)2D3 conditioned 

LDC isolated from the terminal ileum. Results are displayed as the mean ± SD of several independent 

experiments (n=4).  Basal T-cell proliferation is shown as the proportion of proliferating T-cells with no LDC 

present.  The concentration of stimulating LDC is shown as a percentage of the total initial T-cell population. 

 

Two-way ANOVA analysis (corrected with Bonferroni correction for multiple comparisons) 

revealed both LDC concentration (p<0.01) and the pre-conditioning treatment of LDC 

(1,25(OH)2D3 or basal) were statistically significant (p<0.01). Vitamin D-treated DC were less 

immunogenic than their untreated counterparts (p<0.05 at 3% in blood DC, and p<0.01 at 

3% in gut DC).   A similar effect was seen in exploratory experiments (n=2) using LDC from 

PBMC to stimulate naive T-cells (Figure Figure 10.13) 

 

 

Figure 10.13 Stimulation of allogeneic T-cells by 1,25(OH)2D3-conditioned peripheral blood LDC. Data shows 

the proportion of proliferating allogeneic T-cells upon stimulation (over 5 days) by 1,25(OH)2D3 conditioned 

LDC isolated from the peripheral blood. Results are displayed as the mean ± SD of 2 independent experiments.  

Basal T-cell proliferation is shown as the proportion of proliferating T-cells with no LDC present.  The 

concentration of stimulating LDC is shown as a percentage of the total initial T-cell population.  
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10.5  Discussion 
 
In vivo, immature DC are the sentinels of the immune system, seeking to recognise antigen 

for processing and presentation to T-cells.  In this surveillance state, both immature DC and 

their monocyte precursors express lower levels of co-stimulatory markers, but possess the 

high endocytic capacity required to sample the microenvironment around them.  Upon 

uptake of antigen, DC shift from a surveillance mode to that of antigen-presentation, 

involving a maturation process in which DC increase co-stimulatory molecule expression 

(e.g. CD40) and lose endocytic capacity.  We have demonstrated that 1,25(OH)2D3 restores 

human MoDC and LDC (enriched for DC) to a monocyte-like state rendering an "immature” 

phenotype indicated by up-regulation of CD14, down-regulation of CD40 and enhanced ILT-

3 expression.  In MoDC, the restoration of CD14 expression positively correlates with 

functional endocytic capacity, confirming an immature surface marker phenotype which is 

mutually compatible with functionality.  Furthermore, co-culture of a potent antigen (LPS) 

with 1,25(OH)2D3 maintained a basal level of endocytic capacity, opposing antigenic 

maturation stimulus and promoting immature functionality.  The phenotypic similarities we 

have demonstrated between 1,25(OH)2D3-conditioned MoDC and LDC, suggests that the 

endocytic functionality demonstrated in MoDC would likely also apply to ex-vivo LDC from 

peripheral blood or intestine.  

 

10.5.1 Co-stimulatory Molecules   

Our findings are supported by other investigators in the literature. Their investigations often 

differed in that monocytes isolated from human peripheral blood were exposed to 

1,25(OH)2D3 during differentiation with IL-4 and GM-CSF over 7 days, rather than post-

differentiation exposure in our studies.  They consistently found 1,25-(OH)2D3  hampered 

the maturation of fully active immature DC from monocytes, by maintaining CD14 

expression whilst reducing CD1a, HLA-DR and CD40 (Canning et al., 2001; Piemonti et 

al.,2000).  Berer et al induced MoDC maturation following differentiation from peripheral 

CD34+ progenitors with 2-day exposure to TNFα, again with exposure to 1,25(OH)2D3  (10-9 

to 10-7 M) occurring during differentiation at days 0, 6, and 8 respectively.  In keeping with 

our findings of the effect of 1,25-(OH)2D3 on differentiated MoDC, delaying exposure to 

1,25(OH)2D3 on day 6  resulted not only the loss of the DC-characteristic surface molecule 

CD1a, but also down regulation of the co-stimulatory molecules CD40and MHC class II 
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expression, whereas the monocyte/macrophage marker CD14 was clearly re-induced (Berer 

et al.,2000). 

 

The effect of 1,25(OH)2D3 on the co-stimulatory molecules CD 80 and CD86 and HLA-DR, is 

variable between investigators, although precise duration of culture, vitamin D and LPS 

exposure differ.  In our series, insufficient experimental runs (n=1) limited any specific 

conclusion, although CD80 and CD86 expression appeared similar to control levels.  For 

example, Piemonti et al also found that although CD 40 was reduced in 1,25(OH)2D3 -DC 

(10nM) compared to controls, the effect on CD 86, CD83 and CD80 was much less 

pronounced or non-significantly affected (CD80 and MHC II).  However, after induction of 

DC maturation with LPS or incubation with CD40 ligand-transfected cells, 1,25(OH)2D3-DC 

showed only marginal increases in MHC I, MHC II, CD80, CD86, CD40, and CD83 compared to 

strong up-regulation in c-DC. 

 

This variability in CD 80 and 86 expression, may reflect non-specific actions of 1,25(OH)2D3  

on the B7 family of co-stimulatory molecules.  However, there is a consistent down-

regulation of CD40 in response to 1,25(OH)2D3.  Interestingly, CD80 / 86 may be dependent 

on earlier CD40 activation for their expression, hence one may expect consequent down-

regulation, or at least lack of up-regulation of CD80/86 in response to 1,25(OH)2D3 (van 

Gool et al.,1996) Perhaps this variable CD80/86 expression results from a delayed 

requirement for CD86/CD80 co-stimulation in TCR-CD28 interactions, dependent on the 

timing of CD40 down-regulation (see Introduction – Co-stimulatory molecules). 

 

10.5.2 Immunoglobulin-like transcript (ILT-3)  

The unexpected observation of increased ILT-3 expression by MoDC in response to a 

prolonged (24-hour) exposure to LPS in excess of that in basal conditioning and apparent 

synergism in combination with 1,25(OH)2D3  (10-6 M), may be explained if ILT-3 functions in 

a manner analogous to CTLA-4 expression by T-cells.  CD28 expressed by T-cells interacts 

with B7 co-stimulatory molecules (e.g. CD80 and CD86) present on the surface of DC during 

activation at antigen presentation. Upon activation, and in order to ultimately "switch 

themselves off", T-cells down-regulate CD28, whilst up-regulating the inhibitory receptor 

CTLA-4.  Consequently, activated T-cells do not remain active indefinitely. In addition, CTLA-

4 is also highly constitutively expressed by "homeostatic" T-cells, such as regulatory T-cell 
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subsets (Chen, 2004). Hence, it is possible that in response to maintained exposure to 

vitamin D and LPS (over 24 hours), ILT-3 is up-regulated to prevent an excessive immune 

response which could be more damaging to the host than the offending antigen. 

 

10.5.3 Endocytosis   Several investigators have now demonstrated the largely consistent 

effect of 1,25(OH)2D3  to both enhance the capacity of MoDC for endocytosis, which 

correlates with expression of CD14, and reduce the allogeneic stimulatory capacity of  T-

cells with an associated reduction in CD40.  Piemonti el al also studied the effects of 

1,25(OH)2D3  on differentiation, maturation, and functions of dendritic cells (DC) 

differentiated from human monocytes in vitro in the presence of GM-CSF and IL-4.   In this 

experiment, MoDC were generated over a longer period of 7 days with exposure to 

1,25(OH)2D3  throughout the differentiation period.  In contrast, we observed the effects of 

1,25(OH)2D3  after completion of MoDC differentiation from monocytes in vitro.   The 

Piemonti group demonstrated that  cell recovery and EM morphology were not affected by 

1,25(OH)2D3  up to concentrations of 100 nM. However, in keeping with our results DC 

differentiated in the presence of 10 nM 1,25(OH)2D3 CD14 remained elevated.   

Furthermore, MoDC differentiated in the presence of 1,25(OH)2D3  showed enhancement of 

endocytic activity which correlated with an increased expression of Mannose receptors 

required for endocytosis (Piemonti et al., 2000). However, in contrast, Bering et al 

demonstrated the capacity of cytokine-treated (TNFα)  MoDC to stimulate allogeneic and 

autologous T cells and to take up soluble antigen was inhibited by 1,25(OH)2D3 (Berer et 

al.,2000).  

 

Taken together the data presented in this chapter suggest the following dose-dependent 

immunomodulatory effects of 1,25(OH)2D3 on MoDC in vitro.  Basal endocytic activity is 

evident in immature MoDC, as expected following LPS stimulation and associated 

maturation, uptake of FITC-Dextran is significantly down-regulated. Interestingly, 

1,25(OH)2D3  does not only induce changes in the expression of surface molecules on MoDC 

as seen before in LDC, but also induces a functional modification, since  there was a 

significant and dose-dependent up-regulation of FITC-Dextran uptake indicating increased 

endocytic activity by the MoDC conditioned with 1,25(OH)2D3.  Basal levels of endocytosis 

were maintained by 1,25(OH)2D3  (10-6 M) despite co-culture with a maturation stimulus  

(LPS), revealing once more the strong immunomodulatory properties of 1,25(OH)2D3.  
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1,25(OH)2D3 conditioned MoDC regain the capacity for endocytosis  Therefore, the 

increase of the phagocytic capacity of MoDC seems to be a consequence of the recovery of 

the monocyte-like surface phenotype on MoDC. 

 

This is similar to the effect of corticosteroids on MoDC during differentiation from 

monocytes, in which a typical DC morphology developed but CD14 and CD40 expression was 

impaired whilst endocytic receptors were up regulated (Piemonti et al.,2000).  This further 

supports the steroid-like effect of Vitamin D and potential for synergy / dose reduction. 

 

10.5.4 Stimulation Data   

The accessory cell function of D3-MoDC and gut derived D3-LDC in the classical MLR was 

significantly inhibited by exposure to 1,25(OH)2D3.  Allogeneic T-cells stimulated with 

1,25(OH)2D3 -MoDC or gut derived 1,25(OH)2D3 -LDC were poor responders indicating the 

reduced allostimulatory potential.   

 

It would have been pleasing to have demonstrated reduced 7 and CCR9 expression by T-

cells stimulated by gut DC conditioned with 1,25(OH)2D3.  This would have supported the 

hypothesis that vitamin D could have therapeutic applications by altering effector cell gut-

homing phenotype as a result of DC immunomodulation.  Unfortunately, the flow cytometry 

data on proliferating T-cell homing in the preliminary TI-DC stimulations was both limited 

(n=4) and uninterpretable due to non-specific binding of the labelling antibodies.  This 

problem was not overcome in the time available. 

 

In conclusion, we have demonstrated that the active vitamin D metabolite, 1,25(OH)2D3 

restores a monocyte-like surface marker phenotype in differentiated MoDC which correlates 

with functional immaturity.  Similar effects have been reported in response to steroids 

which supports the potential for synergy with steroid therapy in a clinical setting.  
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Chapter 11    
 
General Discussion and Future Work 

 
11.1  Summary of Thesis 
 
Vitamin D is now increasingly recognised to have broad immunomodulatory properties with 

the potential for therapeutic application in IBD.  

 

In the first part of this thesis (Chapters 1-3), we have demonstrated an understanding of the 

immunopathogenesis of IBD, with a particular emphasis on the contribution of conditioning 

by the local specific tissue microenvironment (e.g. vitamin A and D) on Dendritic Cell (DC) 

function and subsequent imprinting of tissue-specific leucocyte homing.   

 

We have also reviewed epidemiological evidence implicating vitamin D in the risk of 

developing IBD and the experimental data published to date, which demonstrates 

immunomodulatory potential, in particular with regard to DC and T-cell function, both in 

vitro and animal models of IBD.  In Chapter 5 we demonstrated that hypovitaminosis D is 

common in Crohn’s Disease (CD) and few patients achieve consensus optimal serum vitamin 

D levels.  Furthermore, there was an inverse correlation with CD activity indices, although 

cause and effect remain to be fully elucidated.   

 

In the second part of this thesis (Chapters 6 and 7), we hypothesised that the tissue-specific 

homing phenotype of circulating myeloid (m-DC) and plasmacytoid DC (p-DC), and total 

CD3+ T-cells exhibit demonstrable differences between CD patients and healthy controls.  In 

this cohort, there were no significant differences demonstrated in the homing phenotype of 

circulating DC and CD3+ T-cells, although this may reflect patient selection in a small cohort 

of patients and the effect of concurrent immunomodulation.  We also demonstrated that 

the circulating  T-cell population was reduced in active IBD compared to healthy controls, 

hypothesising that this represented increased recruitment to the inflamed mucosa, either in 

response to inflammation in a protective capacity or possibly exacerbating the disease.  In 

addition, circulating DC and T-cells demonstrated an enhanced skin homing profile in 

association with a cutaneous manifestation of IBD (erythema nodosum).  These findings 
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support a role for dysregulated leucocyte homing in IBD.  The contributory or protective role 

of T-cells in epithelial inflammation remains unclear. 

 

In the final part of this thesis (Chapters 9 and 10), we hypothesised that vitamin D has the 

potential to induce immunotolerance with reduced allo-stimulatory capacity in blood DC.  

The active form of vitamin D (1,25(OH)2D3) in cell culture was shown to induce an immature 

phenotype in ex-vivo LDC, enriched for DC, isolated from peripheral blood.  Conditioning 

with 1,25(OH)2D3 increased inhibitory receptor ILT-3 and decreased co-stimulatory molecule 

expression.  Functional consequences were confirmed in MoDC, which in response to 

culture with 1,25(OH)2D3, showed a similar immature phenotype associated with enhanced 

phagocytosis.  Furthermore, 1,25(OH)2D3 conditioning reduced the capacity of both MoDC 

and ileal LDC to stimulate allogenic naïve T-cells in the MLR. 

 

In conclusion, the data presented in this thesis demonstrates immunomodulatory potential 

of vitamin D and provides a sound basis for ongoing clinical studies and future investigation 

by our laboratory. 

 

11.2  Future Work 

The large patient IBD population at tertiary referral centres such as St. Mark’s Hospital 

provides an excellent opportunity to further assess the epidemiological relevance of vitamin 

D in the risk and natural history of IBD.  The existing IBD database will be expanded in order 

to confirm the observations we report.  In particular, the tracking of vitamin D status over 

time may demonstrate associations with natural history of the disease with regard to 

presentation, risk of relapse, complications such as stricturing and perianal disease, extra 

intestinal manifestation, and colonic dysplasia.  Furthermore, vitamin D status can be 

correlated with the therapeutic efficacy of standard treatments (e.g. response to steroids 

and immunomodulators, steroid resistance and maintenance of remission).  In collaboration 

with the NW Thames Regional Genetics Service (Molecular Genetics Section), the expression 

of VDR polymorphisms will also be examined. 

 

The importance of the local specific tissue microenvironment in the conditioning of DC, 

thereby dictating homing profile and function, has recently been recognised.  Mucosal 
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CD103+ DC regulate the expression of gut homing 47 and CCR9 molecules on the effector 

and regulatory T-lymphocytes they stimulate (Annacker et al.,2005; Johansson-Lindbom et 

al.,2005)  in a retinoic acid (RA)-dependent manner (Gorfu et al., 2009).  In addition, in the 

healthy state, gut DC produce a homeostatic cytokine profile (high IL-10 and IL-6, reduced 

IL-12) and demonstrate a high phagocytic capacity (Rimoldi et al 2005).  Our laboratory has 

also demonstrated that colonic DC have lower stimulatory capacity in the MLR compared to 

either blood or dermal DC (Mann et al.,2010 (Abstract)).  In keeping with this “homeostatic” 

tolerogenicity, gut DC surface expression of co-stimulatory molecules and TLRs is low, but 

increased in IBD (Hart et al.,2005).  This lack of response represents oral tolerance towards 

environmental antigens or commensal microbiota (Coombes & Powrie, 2008), the loss of 

which is implicated in the pathogenesis of IBD. 

 

Of particular relevance, our laboratory and others (IIiev et al.,2009; Rimoldi et al.,2005) have 

recently demonstrated that conditioning DC in supernatant (SN) from in vitro intestinal 

epithelial cell lines or colonic biopsies results in the generation of “tolerogenic” DC.  For 

example, our laboratory conditioned ex-vivo human blood LDC in vitro with SN, extracted 

from healthy colonic biopsies, generating DC characterized by a gut DC profile (CD103+, 

CCR9+, β7+) with an associated enhanced phagocytosis capacity, a homeostatic cytokine 

profile (increased IL-10 / reduced Il-12), and reduced allo-stimulatory potential imprinting a 

gut homing profile.  The stimulated T-cells also acquired the regulatory FoxP3 transcription 

factor. A tolerogenic phenotype was also induced, characterized by a reduction in surface 

expression of activation markers CD40 and CD83, and TLR 2 and 4 (Bernado et al.,2010 

(Abstract). 

 

Gut CD103+ DC from mesenteric lymph nodes (MLN) or lamina propria (LP) are able to 

generate RA from dietary retinal (vitamin A) by expression of retinal dehydrogenase 

(Annacker et al., 2005; Johansson-Lindbom 2005; Coombes 2007).  Other soluble factors are 

likely to have an important role in the homeostatic function of gut DC and oral tolerance.  

Our laboratory has recently shown that vitamin A appears to be essential in conditioning DC 

towards a homeostatic gut DC phenotype, but not sufficient alone as other factors e.g. TGF-
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β are required for differentiation of other gut DC characteristics (Bernado et al.,2010 

(Abstract)). 

 

The ability to specifically manipulate tolerogenic phenotypes and imprinting of immune 

postcode by DC on T-cells in the clinical setting offers an attractive therapeutic target.  We 

have already shown 1,25(OH)2D3 conditioned intestinal LDC exhibit reduced allo-stimulatory 

potential in the MLR.  However, this was achieved using supraphysiological concentrations 

of 1,25(OH)2D3 (10-6 to 10-8 M) in vitro.  Physiological serum 1,25(OH)2D3 levels appear to 

range from 10-10 to 10-11 M (Portale et al., 1989; Kreutz & Andreesen,1990).  However, the 

observed immunomodulatory effects of 1,25(OH)2D3 in vitro have largely been observed at 

concentrations of 10−10 M and higher.  For example, the standard concentration of 

1,25(OH)2D3 chosen by Piemonti et al (Piemonti et al.,2000)  in their MoDC experiments was 

10 nM (10-8 M), based on the highest concentration considered physiological (Hewison 

1992).  Hence, it should be noted that the effects observed in vitro throughout this thesis 

represent a dose range about 100- to 1000-fold higher (i.e. 10-8 M - to 10-6 M) than the 

maximum physiological concentration in the serum. 

 

1,25(OH)2D3 may be concentrated locally in those lymphoid microenvironments that contain 

physiologically high concentrations of vitamin D3 (colecalciferol), such as in skin-draining 

lymphoid tissues, thereby increasing its specific action at a paracrine and autocrine level.  

However, achieving immunomodulatory concentrations of circulating active vitamin D 

metabolites in vivo is likely to result in limiting systemic and endocrine adverse effects, such 

as hypercalcaemia and increased bone resorption (van Etten et al.,2005). The main problem 

in translating in vitro observations in the laboratory into in vivo clinically relevant effects in 

patients is also the ability to achieve adequate concentrations of the active metabolite in 

the target tissue (Figure 11.1).  In contrast to the epidermal concentrations of 1,25(OH)2D3 

(10-9 to 10-8 M), circulating serum concentrations (10-11 to 10-10 M) fall well below levels 

required to achieve CCR10 epidermotropism in  T-cells, as are serum concentrations of 

25(OH)D3, which is the principal circulating form of the vitamin D (Sigmundsdottir & 

Butcher, 2008). The production of vitamin D3 is greatest in the epidermis adjacent to the 

underlying connective tissue and elevated levels persist for several days after a single sun 

exposure.  The range of vitamin D3 in the epidermis lies between (10-6M and 10-5M) which 
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correlates with levels required for DC to imprint CCR10 on T-cells.  However, circulating 

vitamin D3 levels also fall well short of this requirement at just 10-9 to 10-10M 

(Sigmundsdottir & Butcher, 2008). 

 

It is therefore seems unlikely that vitamin D levels in the intestinal microenvironment will 

achieve relevant immunomodulatory concentrations via the circulation alone, even with 

pharmacological supplementation (e.g. 10,000iu/day for 2 months increased serum 25-OHD 

less than a factor of 10 from basal levels  (Vieth, 1999). However, the most likely route for 

therapeutic administration of vitamin D in the first instance is orally in the form of 

universally available vitamin D3 (colecalciferol).  This precursor substrate may be directly 

bioavailable to intestinal DC, particularly in the small bowel mucosal compartments and 

regional lymphatics, rather than a dependence on circulating vitamin D metabolites, which 

be at lower concentration. 

 

 

 

Figure 11.1 Concentrations of vitamin D and its metabolites found in human skin and blood The sun provides 

a skin-specific signal for imprinting of T cell epidermotropism through the local generation of uniquely high 

levels of vitamin D3. The effective concentrations of vitamin D3 and its metabolites 25(OH)D3 and 1,25(OH)2D3 

needed for inducing CCR10 expression on T cells are shown. The concentrations of vitamin D3 found in the skin 

are sufficient for DCs to induce CCR10 expression on responding T cells. However, the concentrations of 

vitamin D and its metabolites in the blood (circulation) and reported D vitamin concentrations in intestines and 

other tissues are too low for the efficient induction of CCR10 (taken from Sigmundsdottir a&nd Butcher, 2008) 

 

The basal vitamin D levels achieved in the human intestinal lamina propria or gut lymphatics 

are not documented in the literature and will be difficult to ascertain, however, it is feasible 

that pharmacological doses of vitamin D3 absorbed by the gut could achieve concentrations 
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in the intestinal microenvironment, similar to that seen physiologically in the skin in 

response to UV exposure.  Humans can certainly absorb vitamin D throughout their small 

bowel from duodenum to ileum (Hollander et al., 1971; Hollander 1976), although proximal 

absorption in the jejunum is likely to be greater, hence one would expect greater local 

epithelial  / lymphatic vitamin D concentrations proximally rather than in the distal ileum for 

which CD has a predilection (perhaps a contributory cause).  Importantly, in rat models 

there was evidence of hydroxylation of intestinally absorbed vitamin D3 within intestinal 

specimens suggesting enterocytes or lamina propria mononuclear cells could be 

responsible.  This supports the possibility that vitamin D3 via the intestinal route is 

bioavailable to lamina propria immune cells which are likely to possess the required 

enzymatic machinery to produce 1,25(OH)2D3 as do their skin counterparts (McDonald et al., 

1985). 

 

Intestinal DC may possess the enzymatic machinery to produce their own 1,25(OH)2D3 from 

dietary derived precursor vitamin D3 with subsequent local paracrine / autocrine effects, in 

a manner analogous to the conversion of gut-derived vitamin A by gut CD103+DC into RA.  

However, it should be noted that CD103- DC are thought not to possess this capacity 

(Johansson-Lindbom et al., 2005), hence although intestinal LDC are capable of responding 

to supraphysiological 1,25(OH)2D3 in vitro, likely via expression of VDR, there is no guarantee 

they can independently metabolise vitamin D3 absorbed from dietary supplementation via 

the gut. 

 

In order to provide conceptual support for the ability of gut DC to utilise oral vitamin D3, the 

conditioning of ileal DC with cholecalciferol at likely physiological concentrations in vitro is 

warranted.  It will be interesting to add vitamin D3 alone and in combination with gut SN to 

demonstrate the potential effect of pharmacologically-delivered orally-derived vitamin D3.  

Replication in vitro of the expected physiological vitamin D3 concentration within the lamina 

propria as a result of oral pharmacological administration in vivo will be difficult, as data is 

not currently available, but could be based on that seen in the skin upon UV exposure 

(Sigmundsdottir & Butcher, 2008). Laboratory analysis should include assessment of 

subsequent co-stimulatory, inhibitory and TLR 2/4 phenotype, intracellular cytokine profile, 

and functional capacity for phagocytosis, stimulation and homing imprinting in the MLR.  
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The possibility also exists to demonstrate potential synergy with established therapeutics 

(e.g. corticosteroids) or other agents with therapeutic potential, such as probiotics, with 

which this laboratory has substantial experience and data. 

 

11.3 The Therapeutic Application of Vitamin D in IBD 

Current therapies for IBD aim to control the immune response using potent 

immunomodulators e.g. corticosteroids, thiopurines or antibodies targeting pro-

inflammatory cytokines or their receptors, such as anti-TNF- (Infliximab).  Although 

treatment with such agents is effective, their use is associated with potentially severe and 

intolerable adverse side effects.  In contrast, if proven in clinical trials to be clinically 

efficacious in IBD, adjuvant vitamin D or its analogues would be expected to be 

comparatively well-tolerated. 

 

Indeed, a Norwegian group have recently completed analysis of a pilot therapeutic clinical 

trial of vitamin D for the prevention of relapse in CD (Jørgensen and Dahlerup et al.,2010).  

In this randomized double-blind placebo-controlled trial 108 CD patients (50% with ileal 

disease) in remission received either 1200 IU vitamin D3 (n = 46) or placebo (n = 48) orally 

once daily for 12 months. The primary endpoint was clinical relapse.  Oral vitamin D3 

treatment with standard doses of 1200 IU daily increased serum 25OHD from mean 69 

31nmol/L to mean 9627 nmol/L) after 3 months (p < 0.001).  The relapse rate was lower 

among patients treated with vitamin D3 (13%) than among placebo treated patients (29%), 

just missing statistical significance (p = 0.06).   Oral supplementation, with a relatively low 

standard dose of vitamin D3 1200 iU/day, safely and significantly increased serum vitamin D 

levels and reduced the risk of relapse from 29% to 13%, not quite achieving  statistical 

significance.  It is interesting to note that the basal mean serum 25-OHD in these patients 

was approaching the lower consensus optimal level of >75nmol/L, who achieved a mean of 

100nmol/L within 3 months.  Higher maintenance of remission may have been 

demonstrated in patients with insufficient or deficient baseline levels of 25-OHD. Clearly 

larger trials are required to confirm these promising findings (Jørgensen et al., 2010). 

 

In conclusion, vitamin D shows promising potential as a therapeutic intervention as an 

adjuvant to standard therapies in the maintenance and possible induction of remission in 
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CD.  Pilot and ultimately large scale trials are necessary to comprehensively demonstrate 

both long-term safety and efficacy, hence we are in the process of developing a multi-centre 

clinical trial to address this. 
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12.  Appendix 
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APPENDIX A:  Neubauer Haemocytomer 

 

The Neubauer Haemocytomer is commonly used to determine cell density (concentration) 

when in suspension.  This glass slide consists of a rectangular indentation that creates a 

chamber of known volume. This chamber is engraved with a laser-etched perpendicular 

lines creating a grid of a known area.  The raised edges of the haemocytometer hold the 

glass coverslip 0.1 mm off the marked grid. This gives each square in the grid a defined 

volume (i.e. 1mm2 = 100nL).  Cell suspension is placed on the chamber under the coverslip, 

and resultant capillary action completely fills the chamber with the sample. The number of 

cells in the chamber can be determined by counting cells under a light microscope. The total 

number of cells per ml can be discovered by simply multiplying the total number viable cells 

found in a 1mm2 haemocytometer grid by 104.  

 

                           

 

Figure 8.1: The Neubauer haemocytometer. A typical haemocytometer showing the counting chamber and 

counting grid. Each large square (green) measures 0.1mm
2
. 
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APPENDIX B: Vitamin D Status in Crohn’s Disease 
 

 Montreal Classification of Crohn’s Disease 
Patients are stratified on the basis of age at diagnosis (younger than 16 years, age 17-40 
years, and age older than 40 years, in view of different disease types in the very young),  
disease location (ileal, colonic, ileocolonic or upper disease), and behaviour (stricturing, 
penetrating, or non-penetrating disease). Perianal disease is an entity in its own right. 
 

Age at Diagnosis Location  Behaviour   
A1  Below 16 years   L1   Ileal B1 Non-stricturing, non-penetrating  
A2  17 to 40 year   L2   Colonic  B2   Stricturing        
A3  Above 40 years   L3   Ileocolonic  B3   Penetrating 
    L4   Isolated upper disease ** p     Perineal disease* 

 
*     “p” is added to B1-3 when concomitant perianal disease is present 
**    L4 is a modifier added to L1 – L3 when concomitant upper gastrointestinal disease is present 
 

Satsangi
 
J, Silverberg MS, Vermeire

 
S and Colombel J-F. The Montreal classification of IBD: controversies, 

consensus, and implications Gut 2006;55:749-753. 

 

 Harvey Bradshaw Activity Index (HBI) 
In Crohn’s Disease, the first three items are scored for the previous 24 hours before 
assessment: 
  

1) Number of liquid stools per day 
2) General well-being   0 = very well, 1 = slightly below par, 2 = poor, 3 = very poor, 4 = terrible 
3) Abdominal pain   0 = none, 1 = mild, 2 = moderate, 3 = severe 
4) Abdominal mass   0 = none, 1 = dubious, 2 = definite, 3 = definite and tender 
5) Complications:   Arthralgia, uveitis, erythema nodosum, aphthous ulcers, pyoderma  

gangrenosum, anal fissure, new fistula, abscess (score 1 per item).    
  

Harvey RF, Bradshaw JM. A simple index of Crohn's-disease activity. Lancet. 1980 Mar 8; 1 (8167):514–514 

 

 Simple Clinical Colitis Activity Index (SCCAI) 
The Simple Clinical Colitis Activity Index shows good correlation with more complex scoring 
systems of UC activity e.g. Powell-Tuck Activity Score. Relapse was defined as a Simple 
Clinical Colitis Activity Index score of 5 or higher, and remission was defined as a SCCAI score 
of 2 or less. 
  

Bowel frequency (day)  Bowel frequency (night)  Urgency of defecation  Blood in stool 
1–3 = 0  1–3 = 1  Hurry =1  Trace = 1  
4–6 =1  4–6 = 2  Immediately = 2  Occ. frank = 2  
7–9 =2   Incontinence = 3  Usually frank = 3 
>9   =3  
 

General well being       Extracolonic features = 1 per manifestation 
Very well = 0 
Slightly below par = 1 
Poor = 2 
Very poor = 3 
Terrible = 4 
 

Walmsley RS, Ayres RC, Pounder RE, Allan RN. A simple clinical colitis activity index. Gut. 1998 Jul;43(1):29-32. 

http://gut.bmj.com/search?author1=J+Satsangi&sortspec=date&submit=Submit
http://gut.bmj.com/search?author1=M+S+Silverberg&sortspec=date&submit=Submit
http://gut.bmj.com/search?author1=S+Vermeire&sortspec=date&submit=Submit
http://gut.bmj.com/search?author1=J-F+Colombel&sortspec=date&submit=Submit
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St. Mark’s Hospital: IBD Database 
 
1. Do you have CD?   Yes    No Unsure 
 
2. When were you diagnosed? (e.g. “2004” or “4 years ago”) ………………………... 
 
3. Current disease activity and last relapse 
 
a) Do you think your disease is currently active or well controlled?  Active / Inactive 
 
b) When was the last time you had a “ flare-up” of  your disease? 
 
      Over 2 years ago             Less than 2 years ago           Only at Diagnosis 
 
If less than 2 years ago: 
  
When and how many times have you “flared-up”?  …………………. 
Did you need steroids ?                                                Y  /  N 
 
4. Ethnic Background 
 
To help us understand the genetics of IBD, how would you describe your family’s place of origin? 
  
White-British  India   Africa  Afghanistan  Japanese 
White-Irish  Pakistan  Cypriot China    
White-European Bangladesh  Iraq  SE Asia                    Other ……………... 
 
If mixed race, please describe:   Mother from:……………Father from:………………… 
 
5. Family History of IBD 
Does any member of your family have Crohn’s or Colitis too?         Yes   /   No 
 
If yes, who   e.g.   (Father, Crohn’s): …………………………………      
 
6. Smoking History 
Smoking can affect IBD.  Have you ever smoked?         Yes   /   Never 
 
If yes: 
           Currently smoking              How many do you smoke per day?  ........   
           Stopped after diagnosis        When did you stop? (e.g. in 2004 or 2 years ago) …… 

Stopped before diagnosis    When did you stop?  .......... 
 
 
7. Osteoporosis 
a) Have you ever had a bone scan (DEXA scan) to assess you bone strength?    Yes    No  Don’t know 
If yes, when did you have a DEXA scan:  …………….. 

 
b) Are you currently taking any calcium or vitamin D tablets?           Yes   No    Don’t know 
 
If yes which:       AdCal  AdCalD3    Calcichew      Calcichew D3Forte             
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TO BE COMPLETED BY YOUR DOCTOR 
        

       
     Date of OPD:  ……………………….                                                                                                                                                                                                                          
 
 
      Please complete for CD Patients 
 

Year or Age of Diagnosis  …………  

 
Current Clinical Activity    
What is your opinion of clinical disease activity?   Active or Inactive 
Flare up within last 2 yrs ?                             Yes/ No 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 

 
***   SEND A VITAMIN D LEVEL WITH PATIENT’S BLOOD TEST   *** 

CD  ( Harvey Bradshaw ) 
  
  No. of liquid or very soft stools” in 24 hr 
 
     Only count liquid of very soft stool   
     NOT FORMED STOOL 

  
 

 Abdominal Pain                   
                                                         None                 = 0 

  Score for worst  in 24hr             Mild                   = 1              

                                                          Moderate          = 2 
                                                          Severe              = 3 

  

 Abdominal Mass            
                                        No mass / not known   = 0 
                                             Dubious                         = 1 
                                             Definite                          = 2 
                                             Definite + tender           = 3 

  

 General Well Being    
                                            Very well / Normal        = 0 
  ASK                                   Slightly below par        = 1 

 “How you feel                 Poor                               = 2 

    in yourself  ?”                Very poor                      = 3 

                                             Terrible                          = 4 

  

 Extra-Intestinal Manifestions  ( score 1 for each ) 
                        Circle:   Joints / Skin / Red eye /  Liver 

  

 TOTAL  (Please add up total score)   

Patient Label 

 

Current  Medication (Circle) :  5ASA   AZA    6MP   MTX     IFX/Ada   Pred    Topical Tx  
 

Management Plan / Other Treatments:  …………………………………….. 
 

CD      Ileal    Colonic    Ileocolonic     Rectal      Perianal    Other…….…. 
 
  Ever had a fistula    Y / N       Ever had a stricture   Y / N     
  

Surgical Interventions ?      Yes  /  No        Define: (e.g.  R.hemi ) :…………………..   
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APPENDIX C: Morphological descriptions of Dendritic Cells at Electron Microscopy 
 
DC Type 1 (DC1) 
DC1 are typically of smaller cytoplasmic volume when compared to a DC2. The nucleus is 
heterochromatic, with chromatin is mostly present as a thick band around the margin of the nucleus 
and often as small "condensed" areas within the nucleus.  The cell surface is often irregular in shape 
with small projections. These have been considered to be of myeloid origin. 
 
DC Type 1-2 (DC1-2) 
An intermediate DC between types 1 and 2.  For example, the nucleus may be halfway between 
being heterochromatic and euchromatic. The cytoplasm may be plain with few organelles, but the 
cell may not be large enough to be considered a DC2.  A DC 2 containing Rough Endoplasmic 
Reticulum is a likely to be plasmacytoid DC. 
 
DC Type 2 (DC2) 
Larger than DC1, the volume of the cytoplasm being greater than that of a DC1. The nucleus of a DC2 
is euchromatic, with chromatin present as a thin band around the margin of the nucleus and 
disaggregated / dispersed throughout the nucleus.  Although DC2 have some projections, the 
surface is usually fairly smooth and the cytoplasm is usually very plain with few organelles. However, 
sometimes rough endoplasmic reticulum is present (Figure 10.15a). Some DC from peripheral blood 
have this appearance which is allied to that of skin Langerhans cells with blunter projections 
(Patterson et al., 1991). 
 
DC Type 3 (DC3) 
DC3 are identified by relatively long projections which are, in fact, “veils”. Often these veils appear 
to resemble irregularly shaped vacuoles due to the sectioning through the cell. The appearance of 
the nuclei can vary (heterochromatic/euchromatic) (Figure 10.15b).  Occassional cells from 
peripheral blood have this veiled morphology and resemble the veiled cells of afferent lymphatics or 
lymph node paracortex (Patterson et al., 1991).  
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Type 1-2 DC with unsaturated lipid bodies (black)  Type II DC with partly saturated fat (grey) and some  
                        villi-like projections on the surface. 

 

 

 

Type III DC with unsaturated lipid bodies.  Total magnification x6900. 

 
 
DC/MQ 
These cells are cells that contain many different sized vacuoles like those of a monocyte or 
macrophage. However the nucleus may have a more irregular shape, such as the nucleus of a DC and 
the surface may contain short projections similar to that of a DC1.  The cytoplasm is fairly plain like 
that of a DC rather than the more complicated cytoplasm of a macrophage.  These cells are present 
in large numbers in the LDC fraction confirming enrichment for DC when prepared by our methods. 
 

 
Vacuolated DC/MQ. Total magnification x11,500 
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Monocytes/Macrophages 
The immature monocyte is a round cell which contains a central round or a horseshoe-
shaped nucleus.  It is larger than a lymphocyte.  In culture medium alone, monocytes 
develop vacuoles of various sizes and a variable surface appearance with a crinkly / lumpy 
surface or thin projections or villi.  In contrast, DC have a fairly smooth surface with thick 
projections, The nucleus would still be heterochromatic and either round in shape or have a 
horse shoe like nucleus or a variant of it.  In the LDC cell samples, these monocytes usually 
have a smooth surface with no villi, many vacuoles of different sizes and a horse shoe 
shaped nucleus and are similar to those in the DC/MQ category (except that those in the 
DC/MQ category have some DC characteristics). 
 
 
Patterson S, Gross J, Bedford P and Knight SC. Morphology and phenotype of DC from peripheral blood and 
their productive and non-productive infection with human immunodeficiency virus type 1. Immunology 1991 
72 361-367.  
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