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Abbreviations 

 

°C degree Celsius 

AMCA 7-amino-4-methylcoumarin-3-acetic acid 

AP alkaline phosphatase 

APC antigen presenting cell 

APC  allophycocyanin 

BM-DC bone marrow dendritic cells 

BrdU bromo-deoxyuridine 

BSA bovine serum albumin 

CD cluster of differentiation 

CO2 carbon dioxide 

ConA concanavalin A 

CTLA-4 cytolytic T-lymphocyte associated molecule 4 

Ctx cholera toxin 

Ctx-B cholera toxin B-subunit 

d day(s) 

Da Dalton 

DAPI 4’,6-diamidino-2-phenylindole 

DC dendritic cell 

DMSO dimethylsulfoxyde 

DNA deoxyribonucleic acid 

DNAse deoxyribonuclease 

dNTP 2’-deoxynucleoside-5’-triphosphate 

dsRNA double-stranded ribnonucleic acid 

ELISA enzyme-linked immunosorbent assay 
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FACS fluorescence-activated cell scanner 

FAE follicle-associated epithelium 

FCS fetal calf serum 

FITC fluorescein-isothiocyanate 

FSC forward scatter 

g gravitation acceleration (9.81 m/s2) 

gam goat anti-mouse 

GALT gut associated lymphoid tissue 

GM-CSF granulocyte-macrophage colony-stimulating factor  

h  hour(s) 

HBSS Hank’s buffered salt solution 

HRP horse radish peroxydase 

i.m. intra muscular 

i.v. intra venous 

IFN  interferon 

Ig immunoglobulin 

IL interleukin 

KLH keyhole limpet hemocyanin 

l litre 

LP lamina propria 

LFA-3 lymphocyte function-associated antigen 3 

LPS lipopolysaccharide 

LT E. coli heat labile toxin 

M molar; mol/l 

mAb monoclonal antibody 

MACS magnetic cell sorting and separation 
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min minute 

MLN mesenteric lymph node 
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MoDC monocyte-derived dendritic cell 
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1. Introduction 

This study is focussing on the role of dendritic cells (DC) in porcine intestinal immunity. 

DC are key mediators of mucosal immunity and tolerance. Therefore an understanding of 

DC is important as a basis for developing new concepts for the prevention of gastrointesti-

nal disease. The following chapters of this introduction will provide some background 

information on the importance of DC in general, and how they can be studied. The signifi-

cance of different DC subpopulations is addressed. Additional information is given on 

special characteristics of DC in pigs, the role of DC in the mucosal immune system, and 

how DC are thought to interact with cholera toxin as a mucosal antigen. Finally, the aims 

and the experimental approach of this study are explained. 

1.1 Dendritic cells as professional antigen presenting cells  

The adaptive immune system, including B cell function, depends largely on the action of 

 T cells. Conventional ab  T cells can only recognise antigens that are presented as peptide 

fragments on MHC (major histocompatibility complex) molecules. Thus, the cells that are 

responsible for antigen uptake, processing, and presentation to T cells play a key role in the 

induction of immune responses. CD8+ cytotoxic T cells react to peptides presented on 

MHC-I molecules, which are expressed on almost every cell type. In contrast, the activa-

tion of CD4+ T helper cells is dependent on MHC-II molecules, which are constitutively 

expressed by only a low number of antigen presenting cells. B cells, macrophages, and 

dendritic cells (DC) form the group of professional antigen presenting cells (APC). In ad-

dition to MHC-II expression, they can also provide other signals, e.g. co-stimulatory 

molecules, necessary for T cell activation (Janeway et al.  2001).  

The most potent professional APC are the DC. First described as Langerhans cells in the 

skin, which at the time were thought to be nerve cells (Langerhans 1868), DC are now rec-

ognised as a key cell population with a variety of functions that can direct the immune 

system towards either tolerance or immunity (de Jong et al.  2005). Antigens that do not 

have access to DC are ignored by T cells, while those that do have access to DC can drive 

proliferation, differentiation, or sometimes deletion of T cells (Lanzavecchia & Sallusto 

2001). DC take up soluble or particulate antigens mainly by unspecific mechanisms like 

macropinocytosis or phagocytosis, or by receptor mediated endocytosis involving innate 
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pattern recognition receptors like the mannose receptor, toll-like receptors (TLR), or Fc- 

type receptors (Banchereau et al.  2000). Thus the DC form an important link between the 

innate and the adaptive immune system.  

DC can be found in almost every tissue and organ of the body, often at low numbers 

(< 1 %), but they are more frequent at mucosal sites, where the risk of encountering patho-

gens is higher. Resident DC in non-lymphoid organs are immunological sentinels that 

sample the environment to sense infectious agents (Stockwin et al.  2000). In addition to 

pathogens, they also capture material from dead or dying cells – in many cases harmless 

self-antigens (Huang et al.  2000; Fonteneau et al.  2001 ).  

 

 

 

 

Figure 1 Basic model of dendritic cell maturation, modified from Banchereau et al. 2000. 

 

 

The tissue resident DC are at an immature stage (Figure 1). They are characterised by a 

low expression of surface MHC-II and of the co-stimulatory molecules CD80 and CD86, 

by a high expression of receptors for inflammatory chemokines (Aliberti et al.  2003), and 

by a high phagocytic activity. However, DC are not as efficient as macrophages at patho-

gen clearance by phagocytosis. Rather, they have unique mechanisms for antigen 

processing and loading of MHC molecules, together with a pre-synthesised pool of 

MHC-II molecules (Foti et al. 2004). In addition to the efficient mechanisms for presenting 

antigens via the MHC-II pathway, DC have the ability to redirect extracellular antigens 
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towards the MHC-I pathway (Hartgers et al.  2000). This so called cross-presentation 

makes CD8 T cell responses against extracellular antigens possible.  

Binding of pathogen-derived molecules (e.g. LPS, CpG DNA, or viral RNA) to the innate 

receptors triggers both endocytosis of the antigen and maturation of the DC. Without these 

pathogen-derived “danger signals” (Matzinger 1994), DC can remain immature or become 

tolerogenic.  

After antigen uptake, DC migrate to draining lymph nodes, where they can directly interact 

with rare specific T cells, or transfer the transported antigen to other DC (Carbone et al.  

2004). Only DC that have migrated to secondary lymphoid organs form stable MHC-II 

peptide complexes on the cell surface (Mellman & Steinman 2001). DC in the T cell areas 

of lymph nodes have a mature phenotype, with high expression of the co-stimulatory 

molecules CD80 and CD86, whereas receptors for inflammatory chemokines are down-

regulated, and phagocytic activity is lost. Mature DC are generally considered to be termi-

nal cells, which are short lived and do not proliferate (Shortman & Wu 2004). The mature 

DC interact with T cells by forming an immunological synapse made up of MHC-II-pep-

tide complexes, CD80/CD86, CD40, LFA-3, ICAM-1 and ICAM-2 on the DC side, and 

CD4, CD28, CD40L, CD2, CD11a, and CD49d on the T cells. This specific interaction ac-

tivates the T cells by intracellular signalling pathways, and induces their differentiation and 

proliferation. By secreting specific cytokines, DC can further direct T cell development 

toward a Th1 or a Th2 phenotype (de Jong et al.  2005). Interaction of immature or tolero-

genic DC with T cells results in T cell deletion, anergy, or the generation of T regulatory 

(Treg) cells (Roncarolo et al.  2001).  

In addition to the maturation-associated markers, a number of typical surface molecules 

have been described for DC. However, these “DC markers” are often species specific, and 

rarely expressed uniquely on DC. Four functionally important groups of DC markers have 

been described: (1) Antigen receptors, (2) molecules involved in DC migration and hom-

ing, (3) molecules that can present antigens, and (4) molecules involved in DC-T cell 

interactions. A few examples of important DC-associated molecules are given in Table 1. 

 In general, DC are characterised by a high functional plasticity and can adapt their re-

sponses upon antigen encounter (Foti et al.  2004). In addition to their ability to determine 

primary adaptive immune responses, DC are now also seen as important regulators of as-

pects of innate immunity, in particular natural-killer-cell function (Degli-Esposti & Smyth 

2005). 
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Table 1 DC-associated molecules and their putative functions. Table adapted from Hartgers et al. 

(2000)  and Banchereau and Steinman (1998)   

Antigen receptors Migration/Homing Antigen presentation T cell interaction 

mannose receptor Fascin CD1 DC-SIGN 

Fcg-receptors (e.g. 
CD16)  

CD11a, b, c CD83 SIRPa 

DEC-205 CD62 (rat) DC-LAMP ICAM1, 3 

TLR 1 -11    

a
 Abbreviations: TLR, toll-like receptor; DC-LAMP, DC-specific lysosome-associated membrane glycopro-

tein; DC-SIGN, DC-specific ICAM-3 grabbing non-integrin; SIRPa, Signal regulatory protein a; ICAM 

intercellular adhesion molecule. 

 

In spite of their importance, some crucial aspects about DC are yet unknown. In contrast to 

B cells, T cells, or granulocytes, the hematopoietic lineage origin of DC is not yet clearly 

defined. Evidence points to the existence of several independent pathways (Ardavin et al.  

2001; Wu et al.  2001; Dakic & Wu 2003). DC of similar surface phenotype can derive 

from either myeloid or lymphoid precursors in the bone marrow, and a third pathway 

seems to exist for the Langerhans cells of the skin. 

Also, there is no general, species-independent definition of DC; and it is still not possible 

to clearly differentiate between DC and macrophages. Or, as Ken Shortman puts it: “Some 

DC are themselves confused about where a macrophage stops and a DC begins!” 

(Shortman 2000). Since some DC populations share developmental pathways with macro-

phages, they also have many surface molecules in common (Yamaguchi & Ogawa 1999; 

Shortman & Wu 2004). It has been suggested that there may have been overlapping classi-

fications of the same cells (Haverson et al.  2000; Makala et al.  2004). CD14, a receptor 

molecule for LPS, is rarely expressed on DC, and it is down-regulated on monocytes dur-

ing their transition to monocyte-derived DC (Woodhead et al.  1998). Thus, the expression 

of CD14 may be one way to differentiate between DC and macrophages. However, CD14– 

macrophages have also been described (Smith et al.  1997). 

In this study, dendritic morphology in combination with high intracellular and extracellular 

expression of MHC-II were used as a working definition of DC, since other markers were 

not available. Additional factors, e.g. typical localisation in the tissue, were also taken into 

account.  
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1.2 Model systems for dendritic cell analysis 

In addition to the problems in clearly defining what is a DC, and what is a macrophage, 

analysis of DC is additionally hampered by their low frequency in most tissues. In lymph 

nodes, for example, DC represent only about 1 % of the total population of cells 

(Gabrilovich 2001). Unlike other leukocyte populations, DC can not be obtained in suffi-

cient numbers from peripheral blood. In spite of these problems, model systems for DC 

analysis are now as numerous as their functions. The most important models are summa-

rised in Table 2. 

Table 2 Methods for obtaining DC for in vitro analyses. Some importan t examples together with early 

references are given  

Type of DC Origin Preparation Reference  

Splenic DC murine spleen purification of single cell suspensions by 
adhesion, rosetting, density gradients 

Steinman et al.  1979 

Blood DC human PBMC density gradient, rosetting, culture/ selec-
tive adhesion 

Freudentahl & Stein-
man 1990 

Peyer’s patch DC murine Peyer’s 
patch 

dispase digestion/mechanical disruption, 
selective adhesion, density gradient 

Spalding et al.  1983 

Epidermal 
Langerhans cells 

murine epidermis trypsin or dispase digestion, selective ad-
hesion, density gradient 

Schuler & Steinman 
1985 

Skin DC murine ear halves spontaneous migration into culture me-
dium 

Larsen et al.1990 

Afferent lymph 
DC 

rabbit cutaneuos 
lymph vessels 

cannulation of afferent lymph vessels Kelly et al.  1978 

Pseudo-afferent 
lymph DC 

rat thoracic duct cannulation of thoracic duct after resec-
tion of mesenteric lymph nodes 

Pugh et al.  1983 

Bone marrow DC murine bone mar-
row 

propagation by culture of precursors with 
GM-CSF, purification by adhesion 

Inaba et al.  1992 

Monocyte-derived 
DC 

human PBMC culture of monocytes with IL-4 and 
GM-CSF 

Sallusto & Lanzavec-
chia 1994 

Dendritic cell line murine spleen cell 
suspensions 

transfection with Myc-fusion gene using 
retroviral vectors 

Paglia et al. 1993 

 

 

Until 1978, when the first report on in vitro  function of splenic DC was published 

(Steinman & Witmer ), research on DC was restricted to histological studies, with DC 

identified mainly on the basis of morphological criteria by a number of routine stains, en-
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zymatic reactions, or by electron microscopy. Thus, in the 1960es and 1970es, a large 

number of histological reports were published, most of them focussing on Langerhans cells 

of the epidermis, or on interdigitating cells in lymph nodes (Zelickson & Mottaz 1970; Sil-

berberg 1973; Kaiserling & Lennert 1974). 

1.2.1 Analysis of dendritic cells isolated from tissues 

Nowadays, histological examination of tissues – with improved methods such as multiple 

fluorescence immunostainings and confocal microscopy – is still a safe way to analyse DC 

in their “natural setting”. Some functional aspects can be examined by comparing histo-

logical data of different disease or treatment groups. However, for studying specific 

functions of these cells in more defined model systems, isolation and purification is a pre-

requisite. This generally involves mechanical or enzymatic disruption in order to liberate 

the cells from the tissues. The second and more difficult step then aims at removing all 

contaminating cells from the suspensions, which is generally achieved by density gradient 

centrifugation in combination with adhesion steps to glass or plastic surfaces, or techniques 

employing specific antibodies. Since DC-T cell interactions mainly take place in primary 

or secondary lymphoid organs, DC from thymus, spleen, or lymph nodes have been studied 

extensively. The first report on DC purification, published in 1979, was about DC isolated 

from murine spleen (Steinman et al.  ), and murine splenic DC continue to be a much-

studied population. In addition to lymphoid organs, DC have also been purified from skin 

or mucosal tissues – body surfaces, where DC are needed for protection against environ-

mental antigens (Spalding et al.  1983; Schuler & Steinman 1985; Pavli et al.  1990). 

However, isolation from tissue can induce changes in gene expression, phenotype and 

function (MacPherson et al.  2004), and particular cell subsets may be artificially enriched 

(Rothkötter et al.  1994). Additionally, the cells are at different stages of maturation, which 

makes the interpretation of data obtained in vitro  problematic. 

1.2.2 Collection of migratory dendritic cells 

Alternative model systems have been established that avoid mechanical and enzymatic 

stress on the DC during cell recovery. These models rely on the typical migratory proper-

ties of DC: Skin organ cultures can serve as a convenient source for primary cutaneous 

DC. When skin explants, e.g. dorsal halves of split murine ears, containing epidermis and 

dermis are incubated in culture medium for several days, DC emigrate spontaneously into 
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the medium, together with a relatively low number of other cells (Larsen et al.  1990; Ort-

ner et al.  1996). Alternatively, native DC can be obtained from afferent lymph by 

cannulation of lymph vessels. DC migrate continuously from all peripheral tissues to the 

draining lymph nodes in the absence of any overt antigenic stimulation (MacPherson et al.  

2004). Therefore, afferent lymph is a reliable source of DC. Although direct access of af-

ferent lymph vessels is possible (Kelly et al.  1978; Pugh et al.  1983), prolonged collection 

of larger lymph volumes is better accomplished by cannulation of the larger efferent ves-

sels. Since DC are not found in efferent lymph, but remain in the draining lymph nodes, all 

nodes draining the area of interest have to be surgically removed. Re-anastomosis of affer-

ent and efferent lymph vessels then occurs by physiological regeneration (Rothkötter et al.  

1993). After a period of several weeks, the former efferent lymph ducts can be cannulated, 

and all cells originating from the drainage region can be collected. This model has been 

used to collect pseudo-afferent lymph DC of rat intestine (Pugh et al.  1983), the skin of 

cattle or sheep (Bujdoso et al.  1989; Howard et al.  1997), and also sheep head mucosae or 

intestine (Pernthaner et al.  2002; Epardaud et al.  2004).  

1.2.3 Generation of dendritic cells from precursor populations 

Since DC have a hematopoietic origin, it is presumed that DC precursor cells migrate from 

the bone marrow to peripheral tissues through the blood stream (Robinson 2001). Indeed, 

cells with typical characteristics of DC can be isolated from peripheral blood, which is of 

special interest for studies of human DC (Freudenthal & Steinman 1990). Blood DC have 

now also been described in a number of veterinary species, including cattle, horses, and 

pigs (Renjifo et al.  1997; Siedek et al.  1997; Summerfield et al.  2003). The blood DC rep-

resent only 1 – 0.1 % of blood mononuclear cells and are still at an immature stage. They 

spontaneously mature during culture, and early purification protocols involving prolonged 

culture automatically induced maturation. However, expression of MHC-II, co-stimulatory 

molecules, and ICAM-1 remains lower than that of DC isolated from lymph nodes, and 

they are less efficient at T cell stimulation (Hill et al.  1994).  

Instead of precursor cells in the blood, DC can also be generated from progenitor cells that 

are still in the bone marrow (Inaba et al.  1992). Murine bone marrow cells are recovered 

by flushing out the marrow with medium, and are then cultured in the presence of GM-

CSF. Although this generates macrophages and granulocytes in addition to DC after 10 to 

12 days of culture, those contaminating cells can be easily removed because of different 
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adhesive properties and different cell densities. Addition of TNFa to the culture enhances 

the DC maturation pathway (Maroof 2001). In rats, addition of IL-4 to the cultures is es-

sential to generate DC in high yield (Talmor et al.  1998).  

A third alternative for the generation of DC from progenitor cells is by using CD34+ stem 

cells from cord blood, which is easily accessible in humans (Santiago-Schwarz et al.  

1992).  

Although the peripheral pool of immature DC is probably derived from bone marrow-de-

rived DC precursor cells circulating in the blood (“blood DC”), DC can also develop from 

monocytes under inflammatory conditions. This mechanism has been used to generate a 

relatively stable population of DC in vitro  from blood monocytes by culture with IL-4 and 

GM-CSF (Sallusto & Lanzavecchia 1994). IL-4 is necessary to suppress monocyte devel-

opment, whilst GM-CSF induces proliferating DC aggregates (Romani et al.  1994). The 

addition of TNFa results in a more mature phenotype of the monocyte-derived DC 

(MoDC). The various protocols that have been published on the generation of MoDC 

mainly differ in their methods for monocyte enrichment, and in the concentrations of cyto-

kines used (Pickl et al.  2001). The MoDC model is probably the most widely used model 

for studying DC in a wide rage of different species, including exotics like wallabies or 

rhesus macaques. 

1.2.4 Other models for dendritic cell analysis 

Although large amounts of DC can be obtained by culturing from different precursors or 

monocytes, these cultures are often very heterogenous and contain many other cell types. 

Therefore, several immortalised cell lines have been generated, mainly by introducing ret-

roviral vectors bearing oncogenes into the cells (Paglia et al.  1993; Citterio et al.  2001). 

These cells have a homogenous, immature phenotype and can be easily grown. However, 

the inability to induce growth arrest in these cell lines hampers the complete maturation of 

DC upon activation. As an alternative, growth-factor dependent cell lines can be developed 

that retain the capacity to mature fully (Winzler et al.  1997).  

In the murine system, a number of transgenic or knockout models have given insight into 

DC functions. Targeted gene knockout mice have proven useful in examining the role of 

transcription and growth factors in DC generation (Crowley & Lo 1999). Thus TGFb  

knockouts completely lack epidermal Langerhans cells, and deletion of the transcription 

factor RelB causes reduced DC numbers and a disrupted architecture of lymphoid organs. 
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Knockout models for certain chemokine receptors or for signalling molecules have given 

insight in the regulation of DC migration and activation (Förster et al.  1999; Kaisho et al.  

2001) 

 

In this study, DCs were analysed histologically, collected from pseudo-afferent intestinal 

lymph, or separated from gut or lymph nodes by collagenase digestion. Furthermore, 

MoDC were used for in vitro  analysis of cholera toxin function. 

1.3 Dendritic cell subpopulations 

Dendritic cells are not a homogenous population of cells. Different developmental path-

ways can give rise to DC, and subpopulations as well as different activation or maturation 

stages have distinct functional attributes, allowing them to perform different roles in the 

immune system. DC subpopulations may be distinguished on the basis of surface marker 

expression, hematopoietic origin, localisation, specific functions, or maturation stage, and 

all of these aspects are linked in some ways.  

1.3.1 Dendritic cell subpopulations with characteristic surface markers 

The number of known DC subpopulations defined by their surface markers is steadily 

growing; for example, human peripheral blood alone contains at least five DC subsets 

(MacDonald et al.  2002). Typical DC surface markers in mice are CD4, CD8a, and 

CD11b, with different combinations of these markers representing separate DC subpopu-

lations (Proietto et al.  2004). In humans, DC precursors are divided into CD11c+ and 

CD11c– subsets (Banchereau et al.  2000). Liu and MacPherson (1995) demonstrated that 

rat DC isolated from pseudo-afferent lymph, intestinal lamina propria, Peyer’s Patches, and 

mesenteric lymph nodes differ in their expression of CD11b and CD2. Additionally, DC of 

rats, cattle, and sheep vary in their expression of signal regulatory protein a (SIRPa) 

(Howard et al.  1997; Liu et al.  1998; Epardaud et al.  2004). 

Since expressed surface markers are largely species-specific, it is unfortunately impossible 

to generalise observations made for certain DC subsets in mice, which are well defined. 

However, comparisons can be made on the basis of known functions and distribution. 

Thus, SIRPa+ and SIRPa– DC in the rat seem to represent murine CD8a– and CD8a+DC, 

respectively (Turnbull et al.  2005). 
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1.3.2 Hematopoietic origin of dendritic cell subpopulations  

DC are often classified as either lymphoid- or myeloid-related. This discrimination is 

based on the hypothesis that those two subsets originate from lymphoid or myeloid hema-

topoietic precursor cells. This has been demonstrated in mice by transferring progenitor 

cells into irradiated animals (Banchereau et al.  2000). A possible third lineage are the 

plasmacytoid DC. Plasmacytoid DC (pDC), also known as natural interferon-producing 

cells (NIPC), are found in peripheral blood and produce high levels of type I interferon in 

response to viruses (Siegal et al.  1999). Although pDC mature into cells resembling lym-

phoid DC after culture, it has recently been shown that bone marrow plasmacytoid DC can 

also differentiate into myeloid DC in response to viral infection or dsRNA, demonstrating 

a high plasticity of DC precursor cells (Zuniga et al.  2004). 

Myeloid and lymphoid DC vary in their capacity to react to antigens. This is partly due to a 

differential expression of pattern recognition receptors, namely toll-like receptors. Toll-like 

receptors (TLR) specifically bind pathogen-associated molecules like LPS, dsRNA, flagel-

lin, or CpG motifs. Human plasmacytoid DC exclusively express TLR 7 and TLR 9, 

myeloid DC express all other TLR, which has functional consequences for their possible 

responses to pathogens (Jarrossay et al.  2001). In contrast, both lymphoid and myeloid DC 

in mice express TLR 9, a receptor for CpG motifs, typical structures of microbial DNA.  

1.3.3 Dendritic cell subpopulations with specific functional characteristics 

Uptake of self-antigens also seems to be a feature of specific DC subsets. Thus, in murine 

Peyer’s patches, apopototic epithelial cells are predominantly taken up by CD8a–/ 

CD11blow DC (Fleeton et al.  2004b). Similar observations were made for gastric epithelial 

cells (Scheinecker et al.  2002). In rat pseudo-afferent intestinal lymph, remnants of apop-

totic cells were exclusively detected in CD4–/SIRPa– DC (Huang et al.  2000). Other 

functional characteristics of specific DC subpopulations include differential expression of 

chemokine receptors, which determines the migratory properties of the DC (Proietto et al.  

2004). Cross-presentation, i.e. presentation of exogenous antigens via the MHC-I pathway, 

is primarily performed by CD8a+ DC in mice (Heath et al.  2004). And rat CD4+/SIRPa+ 

DC are more efficient at stimulating T cells than the CD4–/SIRPa– subset, in spite of ex-

pressing lower levels of co-stimulatory molecules (Liu et al.  1998).  
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1.3.4 T cell polarisation by dendritic cell subpopulations 

The outcome of any immune reaction is largely dependent on the type of T cell response 

that is promoted. In addition to antigen-presentation and co-stimulation, it is likely that cy-

tokines secreted by polarised DC form the “third signal” for T cell priming towards a 

certain phenotype (Bottomly 1999; Kalinski et al.  1999). Whilst IL-12 and IL-18 secretion 

by DC promotes development of Th1 cells, IL-10 promotes development of T regulatory 

(Treg) cells. The lack of IL-12 in the absence of other cytokine signals seems to be suffi-

cient for the induction of Th2 development (de Jong et al.  2005).  

Although it was suggested that DC polarisation is driven by pathogen-derived factors 

(Kalinski et al.  1999), it is also possible that the capacitiy to direct T cell development to-

wards Th1, Th2 or Treg cells is an inherent property of specific DC subsets. Myeloid 

CD8a–/CD11b+ DC in mice secrete high levels of IL-10 upon stimulation, thus promoting 

Th2 responses, whilst CD8a+/CD11b– (lymphoid) DC and CD8a–/CD11b– DC produce 

IL-12. This concept, however, does not apply to humans, where both myeloid- and lym-

phoid-related DC can promote Th1, Th2 or Treg responses (Grabbe et al.  2000). In cattle, 

SIRPa+ DC derived from pseudo-afferent cutaneous lymph produced more IL-12, whilst 

the SIRPa–  produced more IL-10 (Stephens et al.  2003). In contrast, a uniform population 

of porcine MoDC could induce a large variety of cytokine responses from T cells when 

exposed to antigens in combination with different cytokines (Raymond & Wilkie 2004).  

DC can induce tolerance by promoting the generation of Treg cells, which in turn limit the 

proliferation of other T cells. Alternatively, tolerogenic DC can cause either the deletion or 

anergy of effector T cells (Mahnke et al.  2003). How tolerance is mediated by the DC 

again seems to be subset specific: In mice, plasmacytoid DC may be specialised for the in-

duction of regulatory T cells, while CD8a+ DC induce clonal deletion of T cells (Fleeton et 

al. 2004a)  

1.3.5 Dendritic cell maturation stages 

It was argued that the state of maturation rather than the DC subset determines the extent 

of T cell activation and the type of response that is generated (Grabbe et al.  2000). Al-

though DC subsets largely maintain their specific markers upon maturation (Liu & 

MacPherson 1995; Iwasaki & Kelsall 2000; Shortman 2000), it is also conceivable that 

some populations actually represent maturation or activation stages. Thus, immature DC in 

many aspects resemble the “tolerogenic DC”: Immature MoDC also secrete IL-10, which 
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can inhibit maturation of other DC in an autocrine fashion (Corinti et al.  2001). Whilst T 

cell stimulation with mature DC results in the differentiation of Th1 or Th2 cells, immature 

DC can then induce the development of non-proliferating, IL-10 producing Treg cells 

(Jonuleit et al.  2000; Roncarolo et al.  2001). Also, it has been suggested that tolerogenic 

DC represent a semi-mature differentiation stage, with up-regulated co-stimulatory mole-

cules, but without secretion of inflammatory cytokines (Lutz & Schuler 2002). 

 

DC in different anatomical localisations have a number of different tasks to perform. 

Therefore, the distribution of the many functionally distinct DC subsets in peripheral tis-

sues, lymphoid organs, or the blood is adapted to the respective needs. This accumulation 

of different subsets in different tissue settings is mainly driven by chemokines and their re-

spective receptors (Iwasaki & Kelsall 2000).  

1.4 Dendritic cells in the pig 

In addition to its importance in meat production, the pig is a useful model animal for com-

parative studies of the intestinal immune system, since it offers the advantage of an 

omnivorous gut physiology and morphology, more comparable to humans than that of ro-

dents (Miller & Ullrey 1987; Pescovitz et al.  1998; Rothkötter et al.  2002). Furthermore, 

studying porcine immunology is of importance because of the potential of the pig as a do-

nor in xenotransplantation (Sachs 1994).  

Interestingly, migrating DC in porcine lymph were already studied in 1979 by Drexhage et 

al. In their work, lymph samples containing “veiled cells” with a typical dendritic mor-

phology were acquired by cannulation of afferent lymph vessels of the skin. These veiled 

cells were morphologically similar to epidermal Langerhans cells and interdigitating cells 

of the lymph node. DC of the pig have become a major subject of research only in recent 

years, and although porcine DC in different individual tissues have been analysed, no spe-

cific markers or marker combinations are known that allow a certain identification. An 

overview of marker distributions that have been described so far is shown in Table 3. The 

most frequently detected marker is SWC3a, a porcine myelomonocytic lineage marker that 

is homologous to signal regulatory protein a (SIRPa, CD172a) in other species (Alvarez et 

al. 2000). 
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Table 3 Surface markers on porcine dendritic cells. Brackets indicate minor subpopulations.  

Surface molecule DC 
popu-
lation MHC-II CD1 CD2 CD4 CD11R1 CD11R2 CD14 CD16 SWC3a 

References 

Blood + +/–  –  + – +/– + Summerfield et 
al. 2003 

Bone 
marrow 

+ +  –   + + + Carrasco et al.  
2001 

Intesti-
nal LP 

+ –   +  – + + Haverson et al.  
2000 

MoDC + +   + + +   Paillot et al.  
2001 

 + +     + + + Carrasco et al.  
2001 

NIPC +   +  + –  + Summerfield et 
al. 2003 

 +        – Riffault et al.  
2001 

PP +  –      –/(+) Makala et al.  
1998 

Skin + +  –  +/– +/– + +/(–) Bautista et al.  
2002 

Thy-
mus 

+ + +      + Salmon et al.  
2000 

 

1.4.1 Skin-derived porcine dendritic cells 

As an alternative to the cannulation of lymph vessels, skin derived DC can be collected by 

overnight culture of skin explants (Bautista et al.  2002), which allows the DC to migrate 

into the medium. Like cannulation of lymph vessels, this method gives access to a DC 

population that is phenotypically and functionally close to its natural state, since mechani-

cal disruption of the tissue, enzymatic digestion, and the influence of growth factors is 

avoided. Compared to macrophages, skin-derived DC had a low phagocytic capability, but 

they were efficient at inducing primary allogeneic and also antigen-specific T cell re-

sponses.  

1.4.2 Dendritic cells in porcine lymphoid organs 

Thymic DC play an important role for the maintenance of central tolerance. Salmon et al. 

(2000) characterised DC from swine thymus by immunohistochemistry, and by flow cyto-
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metric and functional analysis of cells isolated from tissue by collagenase treatment. In the 

thymus, DC were localised in medullary and corticomedullary regions, which is also typi-

cal for other species. Interestingly, thymic DC were negative for the myeloid marker 

SWC3a, but expressed CD2, indicating a lymphoid origin of these cells. CD2 is present on 

thymic DC from mice, but not humans (Vremec et al.  1992; Lafontaine et al.  1992). Al-

though the main function of thymic DC should be to induce tolerance rather than 

immunity, allo-reactive T cells were efficiently stimulated. Surprisingly, little is known 

about DC in other lymphoid organs of the pig. In one study (Haverson et al.  2000), DC de-

rived from porcine spleen sorted as MHC-IIhigh/SWC3a+ were used for comparison, but no 

data have so far been published on DC in porcine lymph nodes.  

1.4.3 Dendritic cells in the porcine intestinal tract 

Dendritic cells of the porcine intestine were analysed in the lamina propria of the normal 

intestinal mucosa and in the Peyer’s patch (PP) regions in two independent studies (Makala 

et al.  1998; Haverson et al.  2000). Although DC isolated from PP by collagenase digestion 

were potent stimulators of allogeneic MLR, no proliferative response was induced in syn-

geneic cultures, neither in the absence of antigen, nor in antigen-specific proliferation 

assays with DC from pigs previously immunised with ovalbumin (Ova). This may indicate 

either a tolerogenic or an immature phenotype of PP DC; expression of co-stimulatory 

molecules was not determined in this study. Interestingly, allogeneic responses initiated by 

PP DC were of greater magnitude between inbred strains of minipigs than between outbred 

landrace pigs. Flow cytometric analysis revealed that PP DC were SWC3a–. However, 

Makala et al. (1998) mention that SWC3a+ DC could be detected in PP by immunohistol-

ogy.  

In contrast, LP DC analysed both by flow cytometry and by immunofluorescence histology 

expressed SWC3a, together with CD16 and CD11R1. CD11R1 is a porcine surface mole-

cule with a distribution similar to CD11b in other species (Dominguez et al.  2001). 

Although there was evidence for the presence of intracellular MHC-II as well as for 

phagocytic activity, indicating an immature status for these cells, the stimulatory capacity 

of SWC3a+ LP DC in an allogeneic MLR even surpassed that of spleen cells with the same 

phenotype.  



1 Introduction 31 

1.4.4 Porcine natural interferon-producing cells and blood dendritic cells 

Some of the cells with DC morphology and high MHC-II expression detected in the intes-

tinal tract were found to produce high amounts of IFNa in response to infection with 

transmissible gastroenteritis virus (TGEV) (Riffault et al.  2001). These cells were thought 

to represent the “natural interferon-producing cells” (NIPC) that correspond to the plas-

macytoid subset of DC. NIPC in intestinal tissue were SWC3a– cells located in the lamina 

propria of the villi, around Peyer’s patches, and occasionally between enterocytes in the 

epithelial layer. However, IFNa production was only seen as a transient phenomenon in 

TGEV-infected animals. The relevance of the NIPC for anti-viral immunity was also indi-

cated by the fact that NIPC were found in immediate proximity to viral antigens in the 

MLN. NIPC could also be isolated from porcine peripheral blood, where they form a popu-

lation of 0.1 – 0.3 % of the PBMC (Summerfield et al.  2003). In agreement with 

observations from Riffault et al. (2001), NIPC from peripheral blood showed a strong se-

cretion of IFNa in response to TGEV, but also to CpG oligonucleotides (Guzylack-Piriou 

et al.  2004). Interestingly, NIPC isolated from porcine peripheral blood uniformly ex-

pressed SWC3a, indicating a myeloid lineage origin, which is in contrast to the 

classification of NIPC as plasmacytoid, i.e. lymphoid, DC. Up-regulation of MHC-II and 

CD80/86 on NIPC, indicating maturation, could be induced by prolonged culture with 

TGEV or CpG oligonucleotindes.  

In addition to the NIPC, porcine peripheral blood contained another population of profes-

sional APC (Summerfield et al.  2003). Their frequency in the blood is low, with only 0.2 – 

0.6 % of PBMC. These blood DC are immature, circulating precursor cells that up-

regulated MHC-II and CD80/86 after culture in the presence of TNFa. After maturation, 

they displayed high T cell stimulatory activity, whereas antigen uptake was down-

regulated. 

1.4.5 Monocyte-derived dendritic cells in the pig 

The best-defined model for studying DC in humans is the generation of monocyte-derived 

DC (MoDC) by culturing blood monocytes with IL-4 and GM-CSF. In the pig, MoDC 

were first described by Paillot et al. (2001) and by Carrasco et al. (2001). Like in other spe-

cies, immature porcine MoDC could be generated by culturing blood monocytes with 
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recombinant porcine IL-4 and GM-CSF for three to six days. These immature MoDC were 

already capable of inducing allogeneic mixed leukocyte responses whilst also showing 

macropinocytosis and receptor-mediated endocytosis. Maturation with TNFa or LPS in-

creased their capacity as APC together with an up-regulation of MHC-I, MHC-II and 

CD80/86. Intriguingly, Paillot et al. (2001) found a down-regulation of CD14 during 

MoDC maturation, whereas Carrasco et al. (2001) observed an increased CD14 expression 

in matured MoDC cultures together with a decrease in CD16 expression. In contrast to 

porcine MoDC, human and murine MoDC were always both CD14– and CD16– (Caux et 

al. 1996; Lutz et al.  1999). It has recently been demonstrated that porcine MoDC can be 

derived from both major monocyte populations, CD163+ and CD163– monocytes, with 

MoDC derived from CD163+ monocytes reaching a higher level of maturation (Chamorro 

et al.  2004). Porcine MoDC have now been used in a number studies, mostly for investi-

gating the interactions of DC with certain pathogens or PAMP (Vincent et al.  2003; 

Guzylack-Piriou et al.  2004; Carrasco et al.  2004). Interestingly, neither viral infection of 

MoDC with porcine circovirus type 2 nor with classical swine fever virus could influence 

DC maturation. Similarly, MoDC did not respond to CpG-oligonucleotides.  

MoDC matured with either LPS or TNFa induced the production of both Th1 cytokines 

(IFNg) and Th2 cytokines (IL-4) by T cells, indicating no specific polarisation. Similar ob-

servations were made for bone marrow derived DC (Carrasco et al.  2001). In contrast, 

culture of DC with hen egg white lysozyme or killed Mycobacterium tuberculosis  altered 

cytokine profiles towards a Th2 bias, and a Th1 bias, respectively (Raymond & Wilkie 

2004). 

1.4.6 Porcine bone marrow dendritic cells 

Bone marrow DC (BM-DC), which are frequently used in murine studies, were established 

for the pig by West et al. (1999). Culture of low density cells derived from femurs of juve-

nile pigs with GM-CSF and TNFa for 8 to 10 days resulted in a non-adherent population 

of cells with high surface expression of MHC-II and CD80/86 that was efficient at induc-

ing proliferation of human T cells. If GM-CSF only is used during culture, full maturation 

has to be induced by later adding TNFa or LPS (Carrasco et al.  2001). However, this later 

addition of maturation factors does not further increase T cell stimulatory capacity of DC. 

Interestingly, porcine BM-DC display a continued expression of CD14 and CD16, even af-

ter maturation.  
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1.5 Dendritic cells in mucosal immunity and tolerance 

DC are involved in the immune surveillance of all body surfaces, including skin, the muco-

sae of the respiratory, the urogenital and the intestinal tract. The total mucosal surface of 

the gastrointestinal tract is the largest area of the body in contact with the external envi-

ronment (Pabst 1987; Rothkötter et al.  1999b). During a lifetime, the average human 

gastrointestinal tract is presented with approximately 700 tons of food antigens and at least 

400 different species of potentially pathogenic bacteria (Makala et al.  2004). Antigenic ex-

posure differs between individual gut sections: While healthy small intestine in humans 

contains only up to 103 bacteria per ml, the large intestine harbours approximately 1012 

bacteria per ml (Lin 2004). In contrast, intact food antigens are more likely to be found in 

cranial parts of the intestine. The situation in the porcine intestinal tract is largely compa-

rable (Miller & Ullrey 1987).  

 

 

Figure 2 Intestinal compartments containing dendritic cells. IFR, interfollicular region. In the righthand 

boxes, the intestinal epithelium is indicated by a thick grey line. Lymph vessels connect the in-

testinal wall to the lymph node. 
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1.5.1 Compartments of the intestinal tract 

To deal with the large array of antigens, cells of the intestinal immune system are distri-

buted in the lamina propria of the intestinal villi, in the Peyer’s Patches (PP), and in 

mesenteric lymph nodes (MLN) (Figure 2). In all these compartments, DC interact with 

antigens to direct the immune system towards either tolerance or immunity (Pabst 1987; 

Mowat 2003).  

The compartments of the intestinal immune have unique cellular compositions, cytokine 

microenvironments, antigen access pathways, and hence also separate functions. In mice, 

four intestinal DC subsets with differential expression of CD8a and CD11b have been de-

tected in the gastrointestinal tract. Those subsets have specific distribution patterns in LP, 

GALT and MLN, and also display differential cytokine secretion and T cell stimulatory 

capacity (Iwasaki & Kelsall 2001; Becker et al. 2003; Bilsborough & Viney 2004). It is, 

however, unclear, whether comparable DC subsets exist in other species. 

1.5.1.1  Peyer’s Patches  

The PP are often considered the most important site for the initiation of mucosal immunity 

and tolerance (Rothkötter et al.  1990; Pabst & Rothkötter 1997). They are major compo-

nents of the gut-associated lymphoid tissue (GALT) system, and consist of large B cell 

follicles and intervening T cell areas (Gebert et al.  2000). The lymphoid areas are sepa-

rated from the intestinal lumen by the follicle-associated epithelium (FAE) and a more 

diffuse area below the epithelium called subepithelial dome (SED). DC in the PP rely on 

the ability of M cells to deliver antigen to the SED. M cells are specialised cells in the FAE 

that are involved in the transcytosis of antigens from the gut lumen to the tissue (Gebert et 

al. 1996; Gebert et al.  2000). They represent 20 – 30 % of the FAE and are entry sites of 

various pathogens. Their transport efficiency can be increased by interaction with certain 

bacteria (Man et al.  2004). In the pig, M cells can be detected using antibodies against cy-

tokeratin 18 (Gebert et al.  1994) After antigen uptake in the SED, DC have been shown to 

migrate to the interfollicular regions of the PP where they can interact with T cells 

(Iwasaki & Kelsall 2000; Shreedhar et al.  2003). In vitro analysis of isolated PP DC is 

problematic, since differentiation between DC from SED, interfollicular regions, and 

neighbouring villi is impossible after cell isolation. However, DC isolated from PP have 

been demonstrated to secrete IL-10, but no IL-12, thus driving T cell development towards 

a Th2 or a Treg phenotype (Mowat 2003). 
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1.5.1.2  Lamina p ropria  

In contrast to PP DC, DC in the lamina propria (LP) of normal intestinal villi mainly come 

into contact with antigens that have been transported between or through the enterocytes. 

However, an important alternative pathway for antigen uptake by LP DC has recently been 

discovered in mice: DC can extend cellular processes into the gut lumen, which can di-

rectly sample luminal contents (Rescigno et al.  2001; Niess et al.  2005). These cellular 

processes express epithelial tight junction proteins, thus maintaining the integrity of the in-

testinal barrier. By this method, LP DC may gain direct access to luminal pathogens. 

Similarly, cells with DC morphology and high MHC-II expression were detected in the 

epithelium of rat intestine (Maric et al.  1996). Although LP DC are well capable of initiat-

ing primary immune responses in vitro , it is unlikely that DC prime naïve T cells directly 

in the LP, since most LP T cells are memory cells (Haverson et al.  1999; Haverson et al.  

2000). Furthermore, T cell activation in the LP is associated with high levels of cell death 

(Rothkötter et al.  1999b). Typical cytokines produced by LP DC are IFNg and TGFb  

(Harper et al.  1996), which indicates that they can promote either Th1 responses or the 

generation of T reg cells.   

1.5.1.3  Mesenteric lymph nodes  

The mesenteric lymph nodes (MLN) are the sites where DC that have taken up antigen in 

the gut wall present antigens to T cells. Alternatively, high doses, especially of soluble an-

tigens, may be transported to the MLN as free antigen in lymph that is then taken up by 

resident DC. Compared to LP or PP DC, DC in the MLN are much more potent stimulators 

of MLR (Liu & MacPherson 1995). However, only special T cell populations can be acti-

vated by DC in the MLN. In contrast to other lymph nodes, MLN require L-selectin and 

a4b7 integrin for T cell homing – adhesion molecules that normally direct lymphocyte to 

enter mucosal tissues (Mowat 2003). MLN DC may be able to influence migration and 

homing of the lymphocytes they activate (Stagg et al.  2003), and thus target them back to 

intestinal tissue.  

1.5.2 Dendritic cell migration 

Antigen presentation by DC in the MLN after antigen uptake in the periphery requires DC 

migration. Even in the steady state, the intestinal DC population is a very dynamic one, 

with transit times through the gut of only a few days (Stagg et al.  2003). DC migration to 
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MLN is not dependent on the presence of commensal bacteria, since migration was also 

seen in germ-free rats (Huang et al.  2000). Rather, migration is largely under the control of 

chemokines and their respective receptors (Bilsborough & Viney 2004). CCR1, CCR6, and 

CCR7 seem to play important roles in the regulation of DC traffic. Although DC migration 

can be accelerated by inflammatory stimuli (TNFa, IL-4, GM-CSF) (Kobayashi et al.  

2004), the total number of transported DC seems to be rather stable.  

It is still largely unknown which compartments of the gut wall the DC in lymph originate 

from. Shreedhar et al. (2003) suggested that DC in intestinal lymph are LP DC. In contrast, 

more DC were detected in afferent lymph derived from rat gut sections containing PP than 

from those without PP (Pugh et al.  1983).  

1.5.3 Different reactions to different antigens 

Mucosal DC respond to antigen contact with a number of functional and phenotypic 

changes, including maturation, migration, or the secretion of specific cytokine profiles. 

The responses depend partly on the DC populations targeted by the antigen, but mostly on 

inherent properties of the antigen.  

1.5.3.1  Reactions to food antigens  

Oral administration of soluble protein antigen results in profound immunological tolerance 

(Harper et al.  1996), and most food antigens belong to this category. It is assumed that 

small proportions of all ingested proteins are absorbed intact (MacPherson et al.  2004). 

Contact with mucosal DC then results in tolerance induction, because these antigens lack 

inflammatory signals or PAMP that could up-regulate co-stimulatory molecules 

(Bilsborough & Viney 2004). It has been discussed in humans that tolerance is also medi-

ated by MHC-II expressing enterocytes that act as non-professional APC, lacking co-

stimulatory molecules (Hershberg & Mayer 2000). However, this is not a possible mecha-

nism in pigs, since porcine enterocytes are MHC-II negative (Haverson et al.  2000). 

1.5.3.2  Reactions to commensal b acteria  

Against earlier beliefs that mammals develop oral tolerance against commensal intestinal 

bacteria, a local IgA response is developed. This seems to depend on commensals that 

penetrate the intestinal epithelium, are taken up and survive in DC of the Peyer’s Patches 

(Macpherson & Uhr 2004b). Pathogens and commensals share microbial molecular pat-
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terns that can act as danger signals to DC and thus induce DC maturation and activation, 

and possibly a local inflammatory response. The secretory IgA response that is induced 

during bacterial colonisation of the intestine efficiently prevents further penetration of 

commensal bacteria, which might have undesirable effects (Macpherson & Uhr 2004a). In-

testinal DC loaded with bacteria remain confined to the mucosal immune system, and thus 

systemic responses against intestinal commensals do not occur. Direct effects of different 

commensal bacteria on DC in vitro  have also been described, though they differ between 

individual species of bacteria (Uhlig & Powrie 2003): whereas DC react to Bifidobacteria  

by decreased expression of co-stimulatory molecules and increased IL-10 secretion; Lacto-

bacilli  generate semi-mature DC, with increased co-stimulatory marker expression but low 

production of proinflammatory cytokines (Hart et al.  2004).  

1.5.3.3  Uptake of apoptotic cells by dendritic cells  

An important mechanism for the maintenance of intestinal immune homeostasis relies on 

the ability of DC to take up apoptotic cells (Huang et al.  2000). On the one hand, this may 

function to maintain self-tolerance. On the other hand, this may enable the DC to get ac-

cess to intracellular pathogens. Thus, DC can ingest apoptotic material from Salmonella -

induced apoptotic macrophages (Yrlid & Wick 2000). Similarly, viral antigen can be cap-

tured from apoptotic epithelial cells by DC, which then cross-present it to CD4 T cells 

(Fleeton et al.  2004b). 

1.5.3.4  Dendritic cell – pathogen interactions  

Pathogens are particulate (opposed to soluble) and also replicating antigens that normally 

induce immunity (Strobel & Mowat 1998). Invasive microorganisms can disrupt the 

epithelial barrier and thus come into direct contact with DC in the underlying LP 

(Sansonetti 2002). Other microorganisms may be taken up via M cells or by epithelial 

processes of LP DC. Although some microbes have also developed specific mechanisms to 

disrupt DC function (Palucka & Banchereau 2002), most are recognised by the DC, which 

then induces maturation and activation, and, finally, a protective immune response (Wick 

2002). This may involve changes in the number, localisation, and cytokine production of 

several DC subsets, as seen for example in Salmonella  infection. As in other settings, the 

type of microbial product determines the cytokine response of the DC and hence T cell po-

larisation (Stagg et al.  2003). Although DC recognition of pathogens is mainly based on 
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the expression of characteristic pathogen-associated molecular patterns (PAMP) which are 

recognised by pattern recognition receptors, some intestinal bacteria express toxins that can 

specifically activate DC via other pathways. Two important examples for DC-activating 

mucosal immunogens are heat-labile toxin and cholera toxin produced by enteropathic 

E. coli and Vibrio cholerae , respectively (Bagley et al.  2002). 

1.6 Cholera toxin as a mucosal antigen 

Cholera toxin (Ctx) is one of the few antigens that can reliably induce both humoral and 

cellular immunity when applied via the oral route (Eriksson & Holmgren 2002; Lavelle et 

al. 2004). Ctx is therefore an interesting model antigen for studying the generation of mu-

cosal immune responses. In the pig, Ctx has also been used experimentally to generate 

models for peanut allergy (Helm et al.  2002) and secretory diarrhoea (Oli et al.  1998). 

Ctx is composed of a pentameric B-subunit that mediates binding to the cell surface via the 

ubiquitous GM1 ganglioside (Torgersen et al.  2001), and of an A-subunit with ADP-

ribosyltransferase activity (Figure 3). ADP-ribosylation of the a subunits of Gs-proteins 

leads to a constitutive activation of adenylate cyclase and an increase in intracellular 

cAMP (Cassel & Selinger 1977; Bagley et al.  2002). This increase in cAMP results in a 

variety of biological effects, including a rise in intestinal permeability leading to clinical 

diarrhoea (Eriksson et al. 2000).  

 

 

Figure 3 Structure of E. coli  heat-labile toxin. Cholera toxin has a similar structure. (A) Axial view of the 

complex consisting of a catalytic A chain and five membrane-targeting B chains. (B) Cross-

sectional view showing the fivefold symmetry of the membrane-targeting subunit. (Stryer 1995) 
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Interaction between mucosal DC and Ctx is likely to be a crucial event in the generation of 

immune responses to Ctx. Soluble Ctx binds diffusely to the microvillus surface of all en-

terocytes (Elson & Dertzbaugh 1994). Ctx can then cross the intestinal epithelial cells by 

transcytosis (Lencer et al.  1995) and thus get access to the subepithelial lamina propria 

(Hansson et al.  1984). Here, Ctx can recruit and directly interact with DC (Anjuere et al.  

2004). Alternatively, Ctx might be transferred to DC by M cells in the Peyer’s patches of 

the small intestine.  

It has been demonstrated that mucosal application of Ctx can induce DC to move from the 

subepithelial domes to interfollicular regions of Peyer’s patches (Shreedhar et al.  2003). In 

sheep, Ctx induced a transient increase in the proportion of DC draining from head muco-

sae following mucosal Ctx application (Epardaud et al.  2004).  

However, direct induction of maturation of DC by Ctx may also be the reason for the adju-

vanticity of Ctx (Gagliardi et al. 2000; Gagliardi & De Magistris 2003). Indeed, human 

and murine DC undergo maturation-associated phenotypic and functional changes after 

stimulation with Ctx in vitro, including the up-regulation of MHC-I, MHC-II, CD80/86, 

CCR7, down-regulation of receptors for inflammatory chemokines, and an increased ca-

pacity to stimulate T cells (Gagliardi et al.  2002; Jang et al.  2003; Lavelle et al.  2003). 

Similarly, porcine alveolar macrophages reacted to Ctx by increasing their CD80/86 ex-

pression, although MHC-II expression was not influenced (Foss et al.  1999). These effects 

are partly mediated by the increase in intracellular cAMP and by nuclear translocation of 

NFkB (Bagley et al.  2002; Gagliardi & De Magistris 2003; Kawamura et al.  2003). Both 

the up-regulation of chemokine receptors CCR7 and CXCR4 on MoDC, and the inhibition 

of IL-12 are direct effects of cAMP generation. However, up-regulation of co-stimulatory 

molecules seems to be independent of ADP-ribosyltransferase activity (Yamamoto et al.  

1999). 

In contrast to E. coli  heat labile toxin (LT), which can induce both Th1 and Th2 responses, 

mucosally applied Ctx predominantly induces Th2 responses, resulting in the production of 

secretory IgA antibodies (Foss & Murtaugh 1999). Again, DC may be responsible: Interac-

tion of Ctx with DC results in strong suppression of IL-12 and TNFa production by DC 

(Braun et al.  1999; Gagliardi et al.  2000). The lack of IL-12 inhibits Th1 and promotes 

Th2 responses. Additionally, Ctx may synergise with LPS to induce IL-6 production by 

DC, which also promotes Th2 responses (Lavelle et al.  2003; Lavelle et al.  2004). Ctx 

could alternatively induce cytotoxic T cell responses by BM-DC, which require less IL-12 

than Th1 responses (Jang et al.  2003).  
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More complex functions of Ctx as an immunomodulatory agent have recently been de-

scribed (Lavelle et al.  2004). After parenteral application in mice, Ctx induced a 

population of IL-10–producing T cells with regulatory activity. Those T regulatory cells 

(Treg) produced little or no IL-4, which distinguishes them from Th2 cells. This induction 

of Treg cells may depend on the distinct activation status of the DC after Ctx stimulation, 

with enhanced expression of MHC-II and CD80/CD86, but decreased expression of CD40 

and ICAM-1. If low doses of LPS are present, Ctx directly drives BM-DC to secrete IL-10 

in vitro, which in turn promotes the generation of T regulatory cells (Lavelle et al.  2003). 

In vivo,  Ctx has been used to induce tolerance to allografts in mice and to suppress clinical 

signs of Th1 mediated autoimmune diseases (Tsuru et al.  1987; Yura et al.  2001).  

In spite of these suppressive functions, Ctx has been used efficiently as a mucosal adjuvant 

in a large number of murine studies. Co-application of Ctx with other antigens, or fusion of 

antigens to Ctx, results in enhancement of immune responses, while tolerance to co-ad-

ministered soluble antigens is abrogated. This adjuvant action may partly depend on the 

fact that Ctx can increase gut permeability for luminal antigens (Lycke et al.  1991), thus 

enabling access to APC in the underlying lamina propria. However, this typical potent ad-

juvant activity has so far only been demonstrated in the murine system (Elson & 

Dertzbaugh 1994; Gagliardi et al.  2002; Wang et al.  2003). The application of Ctx is hu-

mans is hampered by its high toxicity (Levine et al.  1983a), therefore it is unknown 

whether similar effects would occur (Elson & Dertzbaugh 1994). In pigs, only chemical 

linking of ovalbumin to Ctx, not simple co-administration, resulted in the generation of a 

protective immune response against ovalbumin (Foss & Murtaugh 1999).  
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1.7 Aims of the study and experimental approach 

In the intestinal immune system, adequate immune reactions need to be generated to deal 

with harmless food antigens and commensal bacteria on the one hand, and pathogenic bac-

teria, viruses and parasites on the other. For this decision between tolerance and protective 

immunity, dendritic cells (DC) play a key role, since they are able to modulate T cell re-

sponses by presenting certain antigens and expressing certain surface molecules and 

cytokines. In the murine intestinal tract, DC populations with distinct functions and spe-

cific distribution patterns in different compartments have been described.  

However, little is known about DC subpopulations in the porcine intestinal immune sys-

tem, and whether they are comparable to those of other species. Yet a good understanding 

of the porcine intestinal immune system is essential for developing new concepts for pro-

moting gut health, which is an economic necessity in the pork industry. Furthermore, pigs 

are important model animals for comparative studies of the human intestinal tract, since 

their gut physiology and morphology closely resembles that of humans (Miller & Ullrey 

1987; Pescovitz et al.  1998).  

Native intestinal DC of the pig can be accessed by pseudo-afferent cannulation of the in-

testinal lymph duct in mesenteric lymph node resected minipigs (Rothkötter et al.  1999a; 

Thielke et al.  2003). This unique method yields a DC population that normally migrates 

from the intestinal wall to the mesenteric lymph nodes after antigen uptake. Although a 

similar model is established in rats (MacPherson et al.  2004), the porcine model has the ad-

vantage that the animals need not be restrained during the experiments, and that longer 

cannulation periods are possible (10 – 14 days in pigs vs. 1 – 2 days in rats).  

It is still largely unknown which compartment the migrating DC originate from. Since anti-

genic exposure of DC differs between lamina propria and Peyer’s patches, understanding 

DC migration routes will also give new insights in the respective function of DC in the dif-

ferent compartments of the gut wall and in the mesenteric lymph nodes for the generation 

of mucosal tolerance or immunity. The lymphatic cannulation model offers the additional 

advantage that migrating DC can be studied both under steady state conditions and after 

antigenic stimulation in the same animal. Of the few protein antigens that can induce mu-

cosal immunity after a single application (Foss & Murtaugh 1999), cholera toxin was 

chosen for this study, since it is well-defined and is also known to interact specifically with 

DC.  
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The aim of this study was therefore the phenotypic and functional characterisation of por-

cine intestinal dendritic cells and of their reaction to antigenic stimulation. Or, more 

specifically: 

 

1.) The characterisation of porcine DC migrating from the gut to mesenteric lymph 

nodes. 

2.) The analysis of possible migration routes by comparative analysis of DC popoula-

tions in the mucosal immune system. 

3.) The analysis of the effects of the mucosal model antigen cholera toxin on porcine 

DC in vitro and in vivo.  

 

Flow cytometric marker analyses and immunofluorescence histology were used to define 

and compare DC subpopulations in pseudo-afferent lymph and intestinal tissues. The matu-

ration state of DC was determined based on the expression of MHC and co-stimulatory 

molecules, and by examining endocytic and T cell stimulatory capacity. In order to deter-

mine possible T cell polarisation by DC populations, cytokine expression was analysed by 

semi-quantitative RT-PCR and by ELISA. DC isolated from tissue and monocyte-derived 

DC were additionally used for studying Ctx functions in vitro . 
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2. Materials and Methods 

2.1 Animals 

Lymph cannulation experiments were performed on eight female Göttingen minipigs 

(Ellegard, Denmark) aged 7 - 20 months, under the authority of licence no. 509i-42502-

98/131 issued by the local government Hannover, Lower Saxony. During cannulation, the 

pigs were housed in individual  at deck cages at the Central Animal Laboratory of the 

Hannover Medical School. Room temperatures were 20°C to 25°C. Pigs were kept under 

non-restraining conditions, and had free access to water, pelleted pig feed, and wheat 

straw. At the end of the experiment, the animals were euthanised using an i.v. injection of 

pentobarbital (Eutha 77, Essex Pharma, Munich, Germany). Tissues from these cannulated 

animals and two control minipigs were later processed for histological analyses. Loop ex-

periments were carried out on one control pig and one cannulated animal. 

Gut and lymph node samples for cell isolation were taken from three adult male Göttingen 

minipigs, and from four Landrace pigs aged between two and four months. The samples 

were kindly provided by the IMTM (Dr. D. Mahnkopf, Institute of Medical Technology 

Magdeburg GmbH, Rottmersleben, Germany), and by the FAL (Dr. S. Dänicke, Institut für 

Tierernährung, Bundesforschungsanstalt für Landwirtschaft, Braunschweig, Germany).  

Blood samples for the generation of MoDC were taken from specific pathogen-free Land-

race pigs kept at the Institute of Virology and Immunoprophylaxis (IVI), Mittelhäusern, 

Switzerland.  

2.2 Surgical procedures 

2.2.1 Anaesthesia and post-operative treatment 

All surgical procedures were carried out under general anaesthesia. For pre-medication, the 

animals were sedated with an i.m. injection of azaperone (Stresnil, Janssen, Neuss, Ger-

many). Pigs were then anaesthetised with an i.v. injection of thiopental (Trapanal, Byk 

Gulden, Konstanz, Germany) into the ear vein. During surgery, the animals received a con-

tinuous i.v. infusion of Ringer’s lactate solution. Anaesthesia was maintained with repeated 

doses of thiopental.  
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For analgesia during and after surgery, all pigs received an i.m. injection of buprenorphine 

(Temgesic®, Essex Pharma, Munich, Germany). Additionally, a long-acting Penicillin-

Streptomycin (Tardomyocel®, Bayer AG, Leverkusen, Germany) was given to prevent in-

fection.  

 

 

Figure 4 Abdominal lymph nodes and lymph vessels of the domestic pig in situ  (Nickel et al.  1996) 

 

2.2.2 Cannulation of the intestinal lymph duct 

Pseudo-afferent intestinal lymph was collected as described previously (Rothkötter et al.  

1993). Firstly, at the age of three months, mesenteric lymphadenectomy was performed. 

After mid-line laparotomy, the visceral peritoneum near the MLN was incised, and lymph 

nodes on both sides of the mesentery were gently removed (see Figure 4). Blood supply of 

the MLN was interrupted by electrocauterisation. Peritoneum and abdominal wall were 

closed using standard techniques and resorbable sutures.  

Secondly, after reanastomosis of the afferent and efferent lymph vessels by physiological 

regeneration (6 to 18 months), a further laparotomy was performed under general anaes-

thesia. Pigs were starved for 36 h, with free access to water. Around 12 h before the 

operation, the animals received 50 ml vegetable oil mixed with a small amount of food. 

The resorbed oil made the lymph vessels visible as white streaks and thus facilitated inser-

tion of the cannula during surgery. First of all, a permanent catheter in the external jugular 
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vein was established for infusion during the anaesthesia and for later collection of blood 

samples. Then the abdomen was opened by mid-line incision, and the lymph duct was lo-

cated below the pancreas near the confluence of the left renal vein and the caudal vena 

cava. A Teflon TPE Micro Tube cannula (Novodirekt GmbH, Kehl/Rhein, Germany) in a 

silastic leading tube (Silastic, Dow Corning GmbH, Meerbusch, Germany) was inserted 

and fixed to the parietal peritoneum. The cannula was exteriorised through an incision in 

the right flank and fixed to the skin. Standard techniques and resorbable sutures were used 

to close the abdominal wall. The exteriorised cannula was connected to a 250 ml tissue cul-

ture flask. This collection flask was placed in a special bag which was fixed to the pig’s 

right flank (Figure 5). 

 

 

 

Figure 5 Minipig with lymph cannula and collection flask for pseudo-afferent lymphatic cannulation 

 

2.2.3 Loop experiment 

The short term effects of Ctx application on the intestinal LP were studied in two animals 

using loop experiments. The abdomen was opened by mid-line incision under general an-

aesthesia, and the small intestine was exteriorised. Gut sections of approximately 5 cm 

(“loops”) were tied off at each end and injected with (1) 1 µg of Ctx in 1 ml of PBS, or (2) 

with 1 ml of PBS alone as a control. Ctx was purchased from Sigma, Taufkirchen, Ger-

many. Six loops containing Ctx and six control loops were prepared, and the small 



Porcine Intestinal Dendritic Cells 46 

intestine was replaced in the abdominal cavity for incubation. After 60 min, blood vessels 

supplying the loops were ligated, and gut sections were excised and processed for histo-

logy.  

2.3 Immunisation protocol 

A combination of Ctx and Ctx-B (both Sigma, Taufkirchen, Germany) previously de-

scribed by Hoffmann-Moujahid (2002) was used for mucosal immunisation. In four of the 

eight pigs in the cannulation experiment, a short anaesthesia was induced on day five of the 

experiment using thiopental (Trapanal, Byk Gulden, Konstanz, Germany). A stomach tube 

was inserted through the oesophagus, and gastric pH was buffered with 7.5 % NaHCO3. 

We then applied 100 µg Ctx and 500 µg Ctx-B in 50 ml of 7.5 % NaHCO3. The other 

cannulated animals (n = 4) served as control group. 

2.4 Cells and Samples 

2.4.1 Lymph collection 

Intestinal lymph draining mainly from jejunum and ileum was collected continuously for 

10 days into 250 ml cell culture flasks (Nunc, Wiesbaden, Germany) containing 20 ml of 

RPMI 1640 supplemented with antibiotics (6,000 U penicillin, 6 mg streptomycin, 6 mg 

gentamycin and 75 µg amphotericin; Seromed Biochrom KG, Berlin, Germany) and 

1,500 U heparine (Liquemin N 250,000, Hoffmann–La Roche, Grenzach-Wyhlen, Ger-

many), with flasks changed two or three times daily. Lymph flow (ml/h) was quantified, 

and, after two washing steps in RPMI 1640 (10 min, 400 g), erythrocytes, lymphocytes, 

and other nucleated cells were counted in a Neubauer’s counting chamber at x 200 magni-

fication. Based on these data, leukocyte flow was calculated for each lymph sample.  

2.4.2 Cell isolation from tissues 

Tissue samples for DC isolation were routinely collected within 20 min after euthanasia. 

Gut sections of 10 – 20 cm length with or without Peyer’s Patches were excised, flushed 

thoroughly with 0.9 % NaCl, and stored on ice in PBS during transport to the laboratory. 

For cell isolation, we first removed excessive mucus by blotting the gut tissue on paper 



2 Materials and Methods 47 

towels, then stripped off peritoneum and muscle layer using forceps, and then cut the re-

maining mucosa and submucosa into pieces of 1 cm2. To remove the epithelium, the pieces 

were incubated in a shaking water bath at 150 rpm in Hank’s-EDTA solution (see Appen-

dix) for 2 x 45 min. Tissue pieces were then transferred to collagenase solution, were cut to 

a size of only 2 mm2, and incubated in a shaking water bath for 1 - 2 h at 120 rpm. Colla-

genase solution containing released cells was then filtered through a wire mesh, followed 

by filtration through a 70 µm cell strainer (Becton Dickinson). Cells were washed twice in 

DNAse solution (10 min, 400 g, RT), resuspended in medium, and counted in a 

Neubauer’s counting chamber. Similarly, MLN were collected, cut into pieces of 2 mm3, 

and then treated as described above for gut tissue. Cell suspensions were either analysed 

directly after isolation, or frozen in FCS containing 10 % DMSO (Sigma, Taufkirchen, 

Germany) and stored at –80°C until further use. 

2.4.3 Cell purification 

2.4.3.1  Density gradients  

In order to enrich “low density cells” from blood, lymph, or tissue cell suspensions, Ficoll 

(1.077 g/ml) purchased from Seromed, Berlin, Germany or from Pharmacia, Uppsala, 

Sweden was used. Low density cells contain lymphocytes, monocyte/macrophage lineage 

cells, and DC, whereas granulocytes, erythrocytes, and some debris is removed. Cell sus-

pensions were layered over 10 – 15 ml of Ficoll and centrifuged at RT for 30 min at 400 g, 

or for 25 min at 800 g. Cells were recovered from the interphase, washed twice in PBS (10 

min, 400 g, 4°C) and then processed further.   

Alternatively, DC from intestinal LP and PP were purified by density gradient centrifuga-

tion with Percoll (Fluka, Buchs, Switzerland). Cells were pelleted and resuspended in 30 % 

Percoll in HBSS (Seromed, Berlin, Switzerland). This cell suspension was then under-

layered with 50 % Percoll in HBSS and centrifuged for 30 min at 4°C, 400 g. Interphase 

cells were then treated as mentioned above. This method efficiently removed cell debris. 

2.4.3.2  Magnetic cell sorting (MACS)  

For the purification of specific cell populations, monoclonal antibodies (see Table 4,page 

51) in combination with magnetic beads and separation columns (all Miltenyi Biotec, Ber-

gisch Gladbach) were used. Cell suspensions were incubated with the mAb on ice for 
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30 min, followed by two washes (10 min, 4°C, 400 g) in MACS-buffer (see Appendix). 

We then incubated the cells for additional 30 min with magnetic beads coated with goat 

anti-mouse IgG antibodies. After one further washing step, cells were resuspended in 

MACS-buffer and passed over a MACS column placed in a special magnet for separation. 

CS columns were employed for negative sorting, i.e. the removal of unwanted cells, 

whereas with MS and LS columns, both labelled and unlabelled fractions could be col-

lected. Negative fractions were collected as the flow through, and positive fractions were 

recovered from the columns by flushing cells out with a plunger after removing the column 

from the magnet. 

2.4.4 Cell culture and stimulation 

Conforming to the normal body temperature of pigs (38.8.°C to 39.3°C), cells were rou-

tinely cultured at 39°C, 5 % CO2. Dulbecco’s modified Eagle’s Medium (DMEM; 

Invitrogen, Basel, Switzerland) supplemented with porcine serum (10 % v/v, Sigma, 

Taufkirchen, Germany) was used as culture medium. For tissue-derived cells, penicillin-

streptomycin mixture (Seromed Biochrom, Berlin, Germany) was added to the medium. 

Specific conditions for MoDC culture are described in section 2.4.5. All experiments in-

volving lymph DC were carried out in RPMI 1640 medium containing 5 % FCS, 100 U 

penicillin-streptomycin (all Seromed Biochrom KG, Berlin, Germany) and 200 mMol L-

glutamine (Sigma). 

To analyse the influence of Ctx on DC maturation, DC were stimulated for 24 or 48 h with 

Ctx or Ctx-B (1 µg/ml) alone or together with other maturation factors. The following re-

agents were used in different combinations: rp TNFa (10 ng/ml), rp IFNa (1,000 U/ml), 

and LPS from E. coli, serotype O111:B4 (1 µg/ml). Control cultures were performed by 

culturing cells with medium only, or by pre-incubation of Ctx with monosialoganglioside 

GM1 at a final concentration of 10 µg/ml. Recombinant porcine cytokines were provided 

by the Institute of Virology and Immunoprophylaxis, Mittelhäusern, Switzerland, and had 

been prepared as described previously (Von Niederhausern et al.  1993; Summerfield et al.  

2003). All other reagents were purchased from Sigma, Taufkirchen, Germany. Stimulation 

assays were carried out in 6 well plates, with 2 x 106  cells in a total of 4 ml medium per 

well.  
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2.4.5 Preparation of monocyte-derived dendritic cells 

Monocyte-derived DC (MoDC) were prepared as described previously (Carrasco et al.  

2001; Summerfield et al.  2003). Leukocytes were enriched from large samples (300 – 

600 ml) of citrated blood by centrifugation for 25 min at RT, 1,000 g. The interphase was 

recovered, diluted 1 : 1 in buffer, and PBMC were enriched by Ficoll density gradient cen-

trifugation (2.4.3.1). Monocytes were further enriched by positive magnetic cell sorting 

(2.4.3.2) using the SWC3a antibody directed against porcine myelomonocytic lineage cells 

(see Table 4, page 51). Cells (2 x 106/well) were then cultured on 6-well plates in medium 

supplemented with rp GM-CSF (150 ng/ml), and rp IL-4 (50 ng/ml). Fresh cytokines were 

added to the culture medium on day three. Non-adherent cells representing MoDC were 

harvested after 4 to 5 days. This was achieved by pipetting the cell suspension carefully up 

and down on the plates several times, followed by washing the wells once in buffer. All 

washing and dilution steps for MoDC were carried out in PBS supplemented with 

0.94 mmol/l of EDTA. Recombinant porcine cytokines were provided by the Institute of 

Virology and Immunoprophylaxis, Mittelhäusern, Switzerland. 

 

2.4.6 Cytospin preparations 

Cytospin preparations of cell suspensions were made on glass slides by spinning 500,000 

cells suspended in Anti-clotting buffer for 5 min at 300 g, RT, using a Heraeus cytocentri-

fuge (Heraeus, Sepatech, Osterode, Germany). Alternatively, 50,000 cells suspended in 

PBS were centrifuged for 3 min at 500 g, RT in a Rotofix 32 cytocentrifuge (Hettich, Tut-

tlingen, Germany). The samples were air-dried, and stored at –20°C until further use.  

 

2.4.7 Preparation of histological sections 

Tissue samples for histological analyses were routinely collected within 20 min after 

euthanasia. Samples of jejunum, ileum, and MLN were excised, and intestinal sections 

were flushed thoroughly with 0.9 % NaCl. Pieces of approx. 1 cm3 were then snap-frozen 

in liquid nitrogen, transferred to 1.8 ml polypropylene tubes, and stored at –80°C until fur-

ther use. For sectioning, the tissue was embedded in Jung tissue freezing medium (Leica, 

Nussloch, Germany). Frozen tissue sections of 5 µm were cut on a Leica CM 3050S cry-
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ostat and transferred to SuperFrost® Plus Microscope Slides (Menzel, Braunschweig, 

Germany). The slides were air-dried and stored for up to six weeks at -20°C before stain-

ing. 

2.5 Phenotypic analyses 

2.5.1 Electron microscopy 

For electron microscopy, lymph cell suspensions were fixed in 1 % glutaraldehyde/ 

1 % paraformaldehyde (PFA) over-night, followed by washing in PBS (1 min, 300 g, RT). 

The cell suspension was post-fixed in 1% osmium tetroxide in PBS (pH 7.4) for 15 min 

and rinsed with buffer. This was followed by dehydration in a graded series of ethanol 

(80 %, 90 %, 96 % and 100 %) for 5 min each. Finally, the concentrated cell suspension 

was embedded by adding Durcupan ACM (Fluka, Buchs, Switzerland) to the tubes. The 

resin polymerised at 70°C for 3 days. For sectioning, cut-off tubes containing embedded 

cells were fixed directly in the Ultracut S ultramicrotome (Reichert-Jung, Vienna, Austria). 

Ultrathin sections (50 - 70 nm) were collected on Formvar-coated slot grids of copper, 

stained with uranyl acetate and lead citrate, and examined in a LEO 906E electron micro-

scope (Oberkochen, Germany). 

2.5.2 Romanowsky-Giemsa stain 

For the differentiation of cell types on lymph cytospin preparations, a Romanowsky-

Giemsa staining method was used (Azure B-Eosin; Serva, Heidelberg, Germany). Dried 

cytospin preparations were fixed in 6.6 % Azure B-Eosin in methanol for 3 min at RT, fol-

lowed by staining for 8 min in 4 % Azure B-Eosin in 0.03 M Hepes-Buffer (Seromed 

Biochrom, Berlin, Germany). After staining, slides were flushed thoroughly with 0.03 M 

Hepes buffer followed by washing in aqua dest. Stained cytospins were air-dried and 

stored at RT until analysis. 
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Table 4 Antibodies and fusion proteins  

Molecule Specificity Dilution Isotype Clone Supplier 

CD1 swine 1:15* - 1:100 IgG2a 76-7-4 VMRD, Pullman, WA 

CD11R1  human 1:3* - 1:150 IgG1 TMG 6-5 Dr. I. Ando, Szeged, 
Hungary 

CD3 swine 1:20 – 1:100 IgG1 8E6 VMRD, Pullman, WA 

CD3 swine 1:20 – 1:100 IgG1 PPT3 Southern Biotechno-
logies, Birmingham, AL 

CD16 swine 1:60 – 1:400 IgG1 G7 BD Biosciences, San 
Jose, CA 

CD45 swine 1:100 – 1:300 IgG1 K252.1E4 Serotec, Oxford, UK 

CD80 / CD86 human 1:500 – 
1:2,000 

IgG2a CTLA-4 mur-
ine Ig fusion 
protein 

Ancell, Bayport, MN 

CCR1 human 1:100 IgG2b mAb145 R&D Systems, Abing-
don, UK 

CXCR4 human 1:40 – 1:60 IgG2a mAb171 R&D Systems, Abing-
don, UK 

surface Ig swine 1:100 – 1:200 IgG2a K139 3E1 Serotec, Oxford, UK 

SWC3a 
(CD172a, 
SIRPa) 

swine 1:2* - 1:300 IgG2b 74-22-15a VMRD, Pullman, WA 
or Prof. A. Saalmüller, 
Vienna, Austria 

MHC-I swine 1:5* IgG2b 74-11-10 Prof. A. Saalmüller, Vi-
enna, Austria 

MHC-II DR swine 1:2* - 1:100 IgG2a MSA 3 VMRD, Pullman, WA 
or Prof. A. Saalmüller, 
Vienna, Austria 

MHC-II DQ swine 1:40 – 1:300 IgG1 274.3G8 Serotec, Oxford, UK 

IL-12, monoclo-
nal 

swine 1:250 IgG2a G9.2 Perbio Science, Lau-
sanne, Switzerland 

IL-12, polyclonal 
(rabbit) 

swine 1:2,000 – – Perbio Science, Lau-
sanne, Switzerland 

cytokeratin 18 human 1:5,000 – 
1:15,000 

IgG1 Cy-90 Sigma, Taufkirchen, 
Germany 

*hybridoma supernatants 
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2.5.3  Antibodies 

A list of primary antibodies used in this study is given in Table 4. All antibodies were 

monoclonal murine antibodies if not indicated otherwise. Optimum concentrations of the 

antibodies were determined separately for each assay. The name CD11R1 was suggested at 

the Third International Swine CD Workshop for the molecule recognised by cross-reactive 

anti-human CD11b antibodies (Dominguez et al.  2001), since binding patterns of these an-

tibodies to monocytes and macrophages differ between swine and humans. Secondary 

antibodies and labelled conjugates are shown in Table 5. Biotinylated antibodies were de-

tected with avidin or streptavidin conjugates. Reagents that were part of commercially 

available kits are not listed.  

2.5.4 Immunocytochemistry 

For immunocytochemical staining, frozen cytospin preparations were warmed up to RT in 

front of a fan. The individual cytospots were circled with a Pap Pen (G. Kisker, Steinfurt, 

Germany), which retains antibody and conjugate solutions within a water-resistant barrier. 

The samples were then fixed in methanol-acetone (50/50 v/v, 4°C, 90 s), and washed twice 

for 5 min in fresh changes of TBS-Tween by immersing the slides into a glass cuvette. La-

belling reactions were preceded by Fc-receptor-blocking with 5 % porcine serum for 

15 min (Jackson ImmunoResearch Laboratories, West Grove, PA). Next, 50 µl of the mAb 

diluted in antibody dilution buffer were applied to the cytospots, and slides were incubated 

on a shaking platform (50 - 100 rpm) at RT for 30 min. After two more washing steps, the 

slides were incubated for another 30 min with 50 µl of biotin-labelled isotype-specific goat 

anti-mouse (gam) antibody. The slides were than washed again twice, and AP-Egg-white 

Avidin (Dianova, Hamburg, Germany) was added for 30 min. Finally, after two more 

washes, Fast Blue solution (see Appendix) was added as a substrate. We monitored the 

colour development by microscope, and stopped the reaction after 15 to 30 min, when 

positive cells were clearly visible, by flushing the slides with buffer. After two further 

washes in TBS-Tween, cytospin preparations were taken out of the buffer and were 

mounted immediately in Glycergel (Sigma, Taufkirchen, Germany). All antibodies and 

conjugates are listed in Table 4 and Table 5. 
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Table 5  Secondary reagents and conjugates  

Conjugate Label Dilution Application Supplier 

gam IgG1 / IgG2a / 
IgG2b 

biotin 1:150 – 1:2,000 FACS, micros-
copy 

Southern Biotechno-
logies, Birmingham, AL 

gam IgG1 / IgG2a / 
IgG2b 

FITC 1:50 – 1:10,000 FACS, micros-
copy 

Southern Biotechno-
logies, Birmingham, AL 

gam IgG1 / IgG2a / 
IgG2b 

PE 1:100 – 1:300 FACS Southern Biotechno-
logies, Birmingham, AL 

gam IgG1 TXRD 1:60 – 1:100 microscopy Southern Biotechno-
logies, Birmingham, AL 

gam IgG2a APC 1:60 FACS Caltag Laboratories, Bur-
lingame, CA 

Avidin D AMCA 1:50 – 1:100 microscopy Vector Laboratories, Bur-
lingame, CA 

Streptavidin Cy3
™  

1:100 – 1:200 microscopy Dianova, Hamburg, Ger-
many 

Streptavidin Alexa 488 1 : 200 FACS, micros-
copy 

Molecular Probes, Lei-
den, Netherlands 

Streptavidin PerCP-Cy5.5 1:20 – 1:60 FACS BD Biosciences, San 
Jose, CA 

Streptavidin Red670 1:500 FACS Dianova, Hamburg, Ger-
many 

Egg-white Avidin AP 1:50 microscopy Dianova, Hamburg, Ger-
many 

 

2.5.5 Flow cytometry 

Immunofluorescence labelling of cell suspensions was routinely performed in 96-well 

round-bottom plates with 100,000 to 1,000,000 cells per sample. Labelling reactions were 

preceded by Fc-receptor-blocking with 5 % porcine serum for 15 min (Jackson Immu-

noResearch Laboratories, West Grove, PA). Cells received the mAb (see Table 4) for 30 

min at 4°C, then the appropriate isotype-specific secondary antibodies (Table 5) for 30 min 

at 4°C. Biotinylated secondary antibodies were then detected with streptavidin-conjugates 

for additional 30 min at 4°C. Isotype-matched control antibodies (Dako, Copenhagen, 

Denmark) were used to exclude unspecific binding. Cells were washed three times for 1 

min at 400 g, 4°C in antibody dilution buffer (see Appendix) or in CellWash (Becton Dick-

inson, Heidelberg, Germany) after each incubation step. Stained cells were resuspended in 

200 µl PBS containing 0.1 % BSA, 0.01 % Na-azid, and transferred to 5 ml polystyrene 
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tubes for analysis. Forward scatter, side scatter, and fluorescence intensity in up to four dif-

ferent channels were measured with a FACScan or a FACSCalibur flow cytometer (both 

Becton Dickinson, Heidelberg, Germany) The percentage of dead cells in each sample was 

determined by staining with propidium iodide (5 µg/ml). CellQuest Pro (Becton Dickin-

son) and WinMDI (J. Trotter; http://facs.scripps.edu/) software were used for data analysis.  

2.5.6 Immunofluorescence analysis of sections and cytospin preparations 

For immunofluorescence staining, sample slides were unfrozen, fixed, and blocked with 

serum as described above for immunocytochemistry (2.5.4). Combinations of two or three 

primary mAbs (Table 4) diluted in a final volume of 50 µl or 75 µl, respectively, were then 

added to the slides for 2 h at 8°C on a shaking platform (50 – 100 rpm). After that, isotype-

specific gam antibodies (Table 5) coupled to biotin, FITC, or TXRD were added for one 

hour. Biotinylated reagents were then detected with avidin or streptavidin conjugates. Be-

fore use, dilutions of fluorescent conjugates were cleared of crystalline deposits by 

centrifugation at 4°C, 10,000 g, 10 min. Each incubation step was followed by two 5 min 

washing steps in fresh changes of TBS-Tween. Labelled sections were mounted in 

Aquamount (Polysciences, Warrington, PA), sealed with nail varnish and stored at 4°C.  

2.5.7 Microscopic techniques 

Slides were examined on an Axioplan 2 microscope (Carl Zeiss AG, Oberkochen, Ger-

many) or on a Leica DMRE7 fluorescence microscope (Leica, Bensheim, Germany). 

Digital images were recorded on a Spot RT digital camera using Spot Advanced software 

(Diagnostic Instruments, Sterling Heights, MI). Confocal images were recorded using a 

Leica DM IRE2 confocal microscope (Leica, Bensheim, Germany). Excitation and emis-

sion wavelengths of the fluorescence filters are listed in the Appendix.  

2.5.8 Digital image analysis 

In order to quantify DC distribution in the small intestine, recorded images of histological 

sections were digitally analysed. We used ImageJ, version 1.33h (Wayne Rasband, NIH, 

USA, http://rsb.info.nih.gov/ij/), together with three macros kindly provided by Dr. Mi-

chael Bailey and Charlotte Inman, University of Bristol, UK (see Appendix). The macro 

“multiple colour backgrounds” converts a three colour image into three separate greyscale 
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slices, and then shows the colour intensity along a defined line in each slice as a histogram. 

By comparing cells in the original greyscale images with histogram peaks, threshold values 

for each colour can be defined. The “multiple colour” macro then converts the original im-

age into a thresholded image with seven defined shades of grey representing all possible 

colour combinations (e.g. red, red + green, blue + green etc.). Additionally, the number of 

pixels for each colour combination in a defined area of interest is displayed. Thus, a histo-

logical image is converted into numeric information. Finally, as a control, the macro 

“3 colour LUT” is used to convert the thresholded greyscale image into a coloured image 

that should be similar to the original picture. At least 12 areas from each slide at 400 x 

magnification, representing > 7 x 106 pixels were analysed. 

2.6 Functional analyses 

2.6.1 RT-PCR 

RT-PCR was used to analyse cytokine expression of DC subpopulations. Total RNA was 

extracted from pelleted cell suspensions with TRIZOL®-Reagent (Invitrogen, Carlsbad, 

CA) according to the manufacturer’s protocol. Extracted RNA was reverse transcribed into 

cDNA for 50 min at 37°C, using Oligo (dT)12-18 primers (Invitrogen, Carlsbad, CA) and 

M-MuLV Reverse Transcriptase (Fermantas, St. Leon-Rot, Germany). The cDNA (5 to 

10 µl) was amplified in a 50 µl-reaction containing 0.4 µl Taq-Polymerase, 1 µl dNTP, 

1.5 µl MgCl2 (IL-18: 2 µl), 5 µl 10x PCR-buffer (all Invitrogen, Carlsbad, CA), and 0.5 µl 

each of sense and anti-sense primers (MWG, Ebersberg, Germany). The reaction mixture 

was amplified (denaturation for 30 s at 95°C, annealing for 30 s, extension for 45 s at 

72°C) in a Mastercycler® gradient (Eppendorf, Hamburg, Germany). Primer sequences, 

annealing temperatures and the number of cycles are shown in Table 6. For IL-10, a touch-

down PCR was performed, with the annealing temperature lowered from 65°C to 60°C 

during the first 10 cycles. PRC products were detected on 2 % agarose gels after electro-

phoresis and staining the gels with ethidium bromide solution for 1 h at RT. EasyWin 32 

software (Herolab, Wiesloch, Germany) was used for densitometric analysis of the gels.  
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Table 6 Primer sequences,annealing temperatures and num ber of cycles for RT -PCR reactions   

Target Sequence Annealing temperature Cycles 

cyclophilin sense aac ccc acc ctg ttc ttc 

cyclophilin antisense tgc cat cca acc act cag 
58°C 30 

IL-10 sense gca tcc act tcc caa cca 

IL-10 antisense ctt cct cat ctt cat cgt cat 
60°C 10 + 35 

IL-12p40 sense gat gct ggc cag tac acc 

IL-12p40 antisense tcc agc acg acc tca atg 
57°C 35 

IL-18 sense agg gac atc aag ccg tgt t 

IL-18 antisense ctc cac att cat cct ttt ctt tc 
58°C 30 

 

2.6.2 Endocytosis assays 

2.6.2.1  FITC-dextran uptake assay  

To measure receptor-mediated endocytosis via the mannose receptor, we incubated lymph 

DC (250,000 per well) with 0.1 mg/ml or 1 mg/ml FITC-dextran (40,000; Sigma, 

Taufkirchen, Germany) at 37°C for 30 to 120 min. Uptake was terminated by placing the 

cells on ice and adding 2 % PFA (in PBS) to the cultures. To exclude unspecific binding of 

FITC-dextran to the DC surface, control cultures were incubated at 4°C. After three thor-

ough washing steps, FITC-dextran uptake was measured by fluorescence microscopy and 

flow cytometry. 

2.6.2.2  DQ™  ovalbumin uptake assay  

Alternatively, uptake of soluble antigen was studied using DQ™ ovalbumin (DQ™ Ova; 

Molecular Probes, Leiden, Netherlands). In contrast to FITC-dextran, DQ™ Ova only 

gives a fluorescence signal in acidified endosomes, which makes extensive washing and 

control cultures at 4°C superfluous. MoDC suspensions were mixed in the culture wells by 

carefully pipetting up and down, then 150 µl of cell suspension were transferred to 5 ml 

polypropylene tubes containing 2 ml of pre-warmed culture medium. Cells were pelleted 

once (5 min, 350 g), resuspended in 200 µl of medium, and DQ™ Ova was added at a final 

concentration of 10 µg/ml. After 30 min of incubation at 37°C, cells were analysed directly 

by flow cytometry.  
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2.6.3 TUNEL-assay 

Cytospin preparations were examined for apoptotic DNA by the TUNEL (terminal de-

oxynucleotidyl transferase-mediated dUTP-biotin nick-end labelling) method using an 

in situ cell death detection kit (Roche, Mannheim, Germany) following the manufacturer’s 

protocol. Briefly, cells were fixed in 4 % PFA in PBS (pH 7.4) for 1 h at RT. After two 

5 min washing steps in PBS, cells were permeabilized by incubation with 0.1 % Na-cit-

rate/0.1 % Triton X-100 (Fluka, Buchs, Switzerland) for 2 min on ice. After two more 

washing steps, 50 µL of freshly-prepared TUNEL-Mix was added to the slides, and the 

samples were incubated for 1 h at 37°C in a humidity chamber. The cytospin preparations 

were then washed twice in PBS and once in TBS-Tween, followed by immunofluorescence 

staining as described in 2.5.6. Cytospin preparations treated with DNAse I (3 U/ml in Tris-

HCl, 0.1 % BSA, pH 7.5) for 10 min at RT served as positive controls. 

2.6.4 Proliferation assays 

2.6.4.1  Mixed leukocyte reaction  

Mixed leukocyte reactions (MLR) were performed on flat-bottomed 96-well plates, with 

PBMC (100,000/well) isolated from EDTA-blood by density gradient centrifugation as re-

sponder cells. Purified allogeneic or autogeneic lymph DC were irradiated (30 Gy) and 

added to the cultures as stimulator cells at ratios of 1 : 10 to 1 : 1,000. Con A (5µg/ml; 

Pharmacia, Erlangen, Germany) and a co-culture of PBMC with allogeneic PBMC at a ra-

tio of 1 :1 were used as positive controls. After five days of culture, BrdU at a final 

concentration of 10 µM was added for a further 18 h, and uptake was detected with a col-

orimetric cell proliferation ELISA-kit (Roche, Mannheim, Germany) according to the 

manufacturer’s instructions. To detect BrdU incorporation, plates were centrifuged at 

300 g for 10 min and air dried for 1 h at 60°C. Cells were then permeabilised, followed by 

incubation with an anti-BrdU-POD antibody for 90 min at RT. Plates were washed by add-

ing 200 µl wash buffer per well and flicking off three times. Finally, substrate solution was 

added to the wells. Colour reaction was stopped with 1M H2SO4 after 20 min, and plates 

were measured at 450 nm (reference wavelength: 690 nm) on a CM Sunrise Microplate 

Reader (Tecan, Crailsheim, Germany). 
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2.6.4.2  Staphylococcal enterotoxin B presentation assay  

T cell stimulatory capacity of MoDC was analysed in a staphylococcal enterotoxin B 

(SEB) presentation assay. T cells were enriched by depletion of SWC3a positive cells from 

PBMC using MACS together with LS columns (see 2.4.3.2). MoDC were harvested, 

washed, and then incubated 1 h at 39°C with SEB (1 µg/ml, Toxin Technology, Sarasota, 

FL), followed by three 5 min washing steps at 350 g in CellWash (Becton Dickinson, Hei-

delberg, Germany). MoDC were then co-cultured a ratio of 1 : 10 with 200,000 T cells per 

well in triplicates. After four days of culture, cells were pulsed with 1 µCi/well 

[3H]methyl-thymidine (Moravek Biochemicals, Brea, CA) for another 18 h. Plates were 

harvested onto filter mats and counted in a 1450 MicroBeta® Trilux counter (Wallac, 

Turku, Finland).  

2.6.5 Analysis of cholera toxin binding to dendritic cells 

Cholera toxin binding to porcine MoDC was studied using biotinylated cholera toxin B-

subunit (Sigma, Taufkirchen, Germany) at a final concentration of 100 µg/ml. Cells were 

incubated with Ctx-B-biotin on ice for 30 min, washed once with CellWash (350 g, 5 min, 

4°C), followed by 15 min incubation with Streptavidin-Alexa 488 (Molecular Probes, Lei-

den, Netherlands). Washed MoDC were then either mounted on glass slides using Mowiol 

(Calbiochem, Lucerne, Switzerland) and analysed with a confocal microscope, or resus-

pended in CellWash and analysed by flow cytometry. 

2.6.6 IL-10 and IL-12 cytokine ELISA 

Cytokine secretion by cultured MoDC was analysed by ELISA. Culture supernatants of 

MoDC were collected 6, 12, 24 and 48 h after addition of Ctx and maturation factors and 

stored at –20°C until analysis. IL-10 was quantified using a commercial ELISA kit fol-

lowing the manufacturer’s instructions (Biosource Int.). Similarly, IL-12 levels were 

detected by ELISA. MaxiSorp plates (NUNC) were coated over night at 4°C with 4 µg/ml 

anti-swine IL-12 (mAb MP121, Perbio Science, Lausanne, Switzerland). After blocking 

wells for 1 h at 37°C with PBS containing 1 % BSA and 5 % sucrose, three washing steps 

were performed with PBS containing 0.05 % Tween and 0.1 % BSA. Culture supernatants 

were then added at 1 : 2 dilution for 2.5 h at 37°C, followed by five thorough washing 

steps. IL-12 bound to the plate was then detected by 1 h incubation with a polyclonal rabbit 
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anti-swine IL-12 antibody. After five more washes and 1 h incubation with peroxidase-

conjugated anti-rabbit antibody (Jackson Immunoresearch, West Grove, PA), positive re-

actions were revealed with o-phenylendiamine (Sigma) diluted in 0.012 % H2O2 and 

measured at 450 nm on a VERSAmax microplate reader (Molecular Devices, Sunnyvale, 

CA) after 30 min incubation at RT in the dark. IL-12 concentrations were calculated from a 

standard curve using rp IL-12 (R&D) at concentrations of 0.07 to 10 ng/ml in 1 : 2 dilution 

steps. 

2.7 Statistical analyses 

Statistical analyses were performed with Microsoft® Excel 2000 and Analyse-it® for Ex-

cel software. Results are given as mean ± standard deviation. Differences between values 

were analysed for statistical significance with Student’s t-test. For comparisons between 

smaller groups without Gaussian distribution of values, the non-parametric Wilcoxon 

signed-ranks test was used. Differences were considered significant at p < 0.05.  
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3. Results 

3.1 Characterisation of dendritic cells migrating in porcine intestinal 

lymph 

3.1.1 Cell yields, morphology, and dendritic cell purification 

In order to analyse dendritic cells (DC) migrating from the intestinal wall to mesenteric 

lymph nodes (MLN), pseudo-afferent intestinal lymph was collected from eight minipigs 

for a period of 9.6 ± 1.4 days. Average lymph flow was 16.8 ± 4 ml/h, with a total leuko-

cyte flow of 22.2 ± 11.3 x 106 leukocytes/h. The collected lymph contained mainly 

lymphocytes, followed by neutrophilic and eosinophilic granulocytes (see Table 7). The 

high standard deviation for the percentage of neutrophils was due to an increased migration 

of these cells during the first three days after surgery (data not shown). 

 

Table 7 Cellular composition of pseudo -afferent intestinal lymph. Cytospin preparations (n = 64) were 

stained  with Romanowsky -Giemsa solution, and approx. 300 cells were counted per slide. Va l-

ues are given as mean ± SD  

cell type  relative frequency 

lymphocytes  69.2 % ± 28.0 % 

plasma cells  1.3 % ± 1.3 % 

neutrophils   19.8 %  ± 28.1 % 

eosinophils  5.3 % ± 4.3 %  

others  4.4 % ± 6.9 % 

 

 

Dendritic cells could be identified by electron microscopy based on their characteristic 

morphology (Figure 6). DC were larger than lymphocytes, had lobulated nuclei and char-

acteristic cytoplasmic processes. DC derived from porcine pseudo-afferent intestinal lymph 

thus resembled the “veiled” cells detected in afferent skin lymph of pigs (Drexhage et al. 

1979). 
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Figure 6 Morphology of lymph DC. Trans-

mission electron micrograph 

(10,000x) of a pseudo-afferent 

lymph DC with typical cytoplas-

mic veils and a lobulated nucleus, 

next to a much smaller lympho-

cyte 

 

 

 

 

In contrast, DC cells could not be clearly differentiated by their morphology on Roma-

nowsky-Giemsa stained cytospin preparations, and were thus included in the relatively 

small population of “other cells” in Table 7. Therefore, immunocytochemistry was used to 

detect DC as MHC-II++ cells (Figure 7a - c). By this method, DC became prominent as 

large, dark blue cells with a veiled morphology. Smaller cells with light blue staining and a 

smooth surface were probably B cells. Fresh lymph contained an average of 3.6 % ± 5.2 % 

of dendritic cells; the median percentage of DC was 1.8 %, with very few samples con-

taining 10 % – 35 % DC. Values for individual lymph samples are given in Figure 19a and 

b, page 79. For analysis, this generally rare population was therefore enriched by Ficoll 

density gradient centrifugation (Figure 7b), yielding 9.8 % ± 5.7 % DC. Further purifica-

tion could be achieved by removing all lymphocytes by MACS (Figure 7c). Electronical 

gating based on forward scatter and side scatter characteristics gave > 30 % DC and > 

80 % DC after Ficoll gradient and MACS separation, respectively, as shown in Figure 7e 

& f.  
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Figure 7 Enrichment of dendritic cells from pseudo-afferent intestinal lymph. (a – c) MHC-II immuno-

cytochemistry of cytospin preparations, (a) native lymph, (b) after Ficoll density gradient 

centrifugation, (c) after negative selection of CD3 and sIg by MACS. Dendritic cells are stained 

dark blue. Bar = 50 µm. (d – f) Cells were analysed by flow cytometry and electronically gated 

to exclude debris, typical granulocytes and lymphocytes. (d) MHC-II positive cell in native 

lymph, (e) after Ficoll density gradient, and (f) after MACS.  

 

 

Figure 8 Analysis of enriched pseudo-afferent-lymph DC by flow cytometry, morphology and expres-

sion of maturation markers. (a) density plot of forward and side scatter characteristics; (b) 

MHC-II expression; (c) expression of CD80/CD86. (b & c) Grey histograms represent stained 

markers, black outlines represent controls. 
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3.1.2 Phenotypic analysis of pseudo-afferent intestinal lymph dendritic cells 

3.1.2.1  Pseudo -afferent lymph dendritic cells have a mature phenotype  

A high expression of MHC-II and the co-stimulatory molecules CD80/CD86 was detected 

by flow cytometry (Figure 8b and c), indicating a largely mature phenotype. Typical for-

ward and side scatter characteristics of purified lymph DC are shown in Figure 8a. 

3.1.2.2  Lymph dendritic cells differentially express SWC3a, CD1, and CD16  

Co-expression of other surface markers with MHC-II on pseudo-afferent intestinal lymph 

DC was studied by two-colour flow cytometry. The results presented in Figure 9a show 

that all lymph DC expressed CD45 at a high level and CD11R1 at a low level. Marked het-

erogeneity in staining was seen with a number of mAb, indicating that DC in porcine 

pseudo-afferent intestinal lymph are not a phenotypically uniform population: This was 

seen for antibodies against SWC3a (SIRPa, CD172a), CD16, and CD1. The percentage of 

DC that expressed SWC3a and CD16 was similar, with 41 % ± 16 % and 41 % ± 19 % re-

spectively, whereas significantly fewer cells (31 % ± 13 %) were positive for CD1. The 

level of MHC-II expression was comparable for all subpopulations detected in lymph. The 

examination of cytospin preparations by two-colour immunofluorescence microscopy 

(Figure 10) yielded a similar subset distribution for MHC-II positive cells with dendritic 

morphology (Table 8).  

Depletion of SWC3a-positive cells by MACS nearly eliminated all CD16 and CD1 posi-

tive DC, which indicates that these molecules were constitutively co-expressed with 

SWC3a (Figure 9b).  
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Figure 9 DC subsets in porcine intestinal lymph. Two-colour flow cytometry of lymph DC isolated by 

density gradient centrifugation and by negative magnetic bead separation (a) against CD3 and 

sIg; (b) against CD3, sIg and SWC3a (SWC3a
–
 DC). Cells were gated as MHC-II

++
 and by 

morphology (solid histograms). Open histograms: isotype-matched controls.  
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Figure 10 Pseudo-afferent lymph cytospin preparation. (a) MHC-II-FITC; (b) CD1-Cy3™. Arrow points 

out MHC-II
++

/CD1
+
 DC; arrowheads: MHC-II

++
/CD1

–
 DC; small double positive cells (*) are 

eosinophils. bar = 50 µm. 

 

 

Table 8 Expression of surface markers on pseudo -afferent lymph DC analysed by fluorescence micros -

copy of cytospin preparations (3 animals) or by flow cytometry (6 animals). R esults are given 

as mean ± standard deviation.  

Marker distribution Surface markers 

 Fluorescence microscopy   Flow cytometry 

SWC3a  34.1 % ± 17.2 %   40.5 % ± 16.5 % 

CD16  26.8 % ± 10.6 %   41.4 % ± 19.0 % 

CD1  26.2 % ± 10.1 %   30.6 % ± 13.1 % 
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3.1.3 Functional analysis of intestinal lymph dendritic cells  

3.1.3.1  Expression of cytokine mRNA  

In order to determine functional differences between DC subpopulations, SWC3a positive 

and negative DC were separated using MACS. The expression of some DC-specific cyto-

kines (IL-10, IL-12, and IL-18) was determined at the mRNA level by semi-quantitative 

RT-PCR with the housekeeping gene cyclophilin used as reference. Figure 11 shows that 

both IL-10 and IL-18 mRNA was more than three times more frequent in the SWC3a posi-

tive DC compared to SWC3a negative DC. In contrast, no clear difference in IL-12 mRNA 

expression was seen between the two DC populations.  

 

 

1 2 3 

all DC SWC3a
+
 SWC3a

–
 

0.32 0.90 0.23 

1.76 1.25 1.50 

 
0.37 0.60 0.14 

Figure 11 Semi-quantitative analysis of cytokine mRNA expression on DC subsets isolated from pseudo-

afferent intestinal lymph by MACS. Total RNA was isolated from cell suspensions using TRI-

ZOL® reagent. Lane 1: enriched DC, lane 2: SWC3a positive DC, lane 3: SWC3a negative DC. 

The table shows band volume relative to the housekeeping gene cyclophilin. The relative 

amount of PCR-product was determined separately for each gel, one example of cyclophilin 

only is shown here. One of three or more representative gels is shown. 
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3.1.3.2  Endocytosis assay  

The capacity of lymph DC for receptor-mediated endocytosis was analysed by an in vitro  

FITC-dextran uptake assay. As a strong binding of FITC-dextran was already seen after in-

cubation at 4°C, these values were subtracted from those measured after incubation at 

39°C. FACS analysis revealed that only few intestinal lymph DC (approx. 15 %) had taken 

up soluble antigen after 30, 60 or 120 min (Figure 12a and b). This was also demonstrated 

by microscopy, where FITC-positive vesicles were seen only in one of several DC in the 

image (Figure 12c). Similar uptake rates were observed with 0.1 mg/ml and 0.01 mg/ml 

FITC-dextran. Overall, afferent lymph DC were poorly endocytic. 
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Figure 12 Only few lymph DC take up FITC-dextran. DC were enriched by MACS; FITC-dextran uptake 

was analysed (a) by phase contrast microscopy, (b) by fluorescence microscopy (arrowhead: 

DC with FITC-positive vesicles; arrows: other DC. Only one of the DC has taken up FITC-

dextran; bar = 20 µm), and (c) by flow cytometry (values were corrected for unspecific binding 

by subtraction of cells positive at 4°C; results are expressed as mean (+ SD) of four independent 

experiments). 
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3.1.3.3  Uptake of apoptotic cells  

Lymph DC on cytospin preparations were examined for the presence of apoptotic material 

by TUNEL assay. As illustrated in Figure 13a, FITC-positive vesicles containing apoptotic 

DNA were detected in MHC-II++ cells with dendritic morphology. The staining pattern was 

clearly distinct from that of the positive control where all DNA was digested with DNAse, 

resulting in a positive reaction for all cell nuclei (Figure 13b). This suggests that some of 

the migrating DC present in pseudo-afferent intestinal lymph have taken up material from 

apoptotic cells.  

 

 
 

 

Figure 13 Uptake of apoptotic material by intestinal lymph DC. TUNEL-assay (FITC) was performed on 

cytospin preparations of pseudo-afferent lymph cells, followed by immunofluorescence staining 

of MHC-II (TXRD). Arrows point out dendritic cells. (a) DC with TUNEL-positive vesicles in 

the cytoplasm; (b) positive control: cytospin preparation treated with DNAse. Bar = 50 µm. 

 

3.1.3.4  Proliferation assay  

Mature DC are strong stimulators of T cell proliferation. We therefore analysed the capa-

city of intestinal lymph DC to induce the proliferation of both autologous and allogeneic 

PBMC. Since DC are believed to take up antigen in the periphery before migrating to 

draining lymph nodes (Banchereau et al.  2000), no external antigen was added to the cul-

tures. Surprisingly, neither autologous nor allogeneic PBMC showed a proliferative 

response to intestinal lymph DC added at a 1 : 10 ratio (Figure 14a). Using other 

DC : PBMC ratios did not change the outcome of this experiment (Figure 14b). In contrast, 

PBMC responded strongly to allogeneic PBMC alone or to the mitogen ConA. 
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   a 

 

 

   b 

 

Figure 14 BrdU-proliferation assay. No significant induction of PBMC-proliferation by autologous or al-

logeneic DC. DC were purified by negative MACS selection and irradiated before culturing 

with PBMC for 5 days. (a) DC and PBMC cultured at a 1 : 10 ratio. Bars: mean of four experi-

ments; circles and triangles represent individual experiments. (b) Comparison of different DC-

PBMC ratios; one representative experiment out of three is shown. 
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3.2 Analysis of dendritic cells in small intestine and mesenteric lymph 

nodes 

3.2.1 Histological analysis of intestinal dendritic cells 

3.2.1.1  Localisat ion of dendritic cells in lamina propria and Peyer’s patches  

In order to compare DC subpopulations in lymph to those at different tissue sites, histo-

logical sections were examined by immunofluorescence analysis. The position of intestinal 

DC in relation to enterocytes and M cells was studied by confocal microscopy. Figure 15a 

demonstrates an MHC-II++ cell with typical dendritic morphology close to an M cell. In 

Figure 15b, an MHC-II++ cell with a long dendrite extending between villus enterocytes is 

shown. These cells were extremely rare, with only 0 – 5 DC with epithelial dendrites found 

per section.  

 

 

 

Figure 15 Confocal micrographs of immunofluorescently labelled intestinal dendritic cells. (a) Dome epi-

thelium of a Peyer’s Patch. DC (arrowhead, MHC-II, green) are in immediate vicinity to 

M cells (arrow, cytokeratin 18, red).(b) Jejunum villus epithelium. Arrowhead points out a DC 

(MHC-II
+
) with a cytoplasmic processes in the epithelium (E). 
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3.2.1.2  Four subpopulations of dendritic cells are present in small intestine and mesen -

teric lymph nodes  

Based on the results from pseudo-afferent intestinal lymph DC, which could be divided 

into a CD11R1+/SWC3a+/CD16+/CD1+/– and a CD11R1+/SWC3a–/CD16–/CD1– popula-

tion, the distribution of DC subpopulations in intestinal lamina propria, the Peyer’s 

patches, and mesenteric lymph nodes was analysed by 3-colour immunofluorescence mi-

croscopy (Figure 16). Using strong expression of MHC-II together with dendritic 

morphology as criteria for DC, the co-expression of other markers was examined, focus-

sing mainly on SWC3a and CD11R1. CD11R1 was selected because it was expressed 

homogenously on lymph DC and was therefore a possible marker molecule for porcine DC 

in general. Homologous molecules to SWC3a, porcine SIRPa, are differentially expressed 

on DC subsets in several other species e.g. mice, rats, and cattle (Kelsall & Strober 1996; 

Howard et al.  1997; Liu et al.  1998).  

In addition to the two DC subpopulations found in pseudo-afferent lymph 

(CD11R1+/SWC3a+ and CD11R1+/SWC3a–), two further populations of MHC-II++ cells 

were detected in intestinal tissue: CD11R1–/SWC3a+ and CD11R1–/SWC3a–. The distribu-

tion of these subsets is given in Table 9. The subset distribution in the villus LP (Figure 

16a) was determined by counting 400 to 500 DC each on twelve representative tissue sec-

tions. The relative distribution of the CD11R1+/SWC3a+, CD11R1+/SWC3a–, and 

CD11R1–/SWC3a+ DC was 71.0 ± 8.5 %, 20.2 ± 6.7 %, and 7.7 ± 2.9 % respectively. 

Since the MHC-II++/CD11R1–/SWC3a– DC subpopulation could not be clearly differenti-

ated from B cells, T cells, and endothelial cells, which also express MHC-II in the pig 

(Wilson et al.  1996), it was excluded from quantitative analysis. 

 

Figure 16 Localisation of DC subsets in mucosal tissue. Immunofluorescence analysis of sections from 

porcine jejunum, and mesenteric lymph node, stained with anti-MHC-II (FITC), anti-CD11R1 

(TXRD), and with anti-SWC3a (AMCA). E, intestinal epithelium; LP, lamina propria; SED, 

subepithelial dome; F, B cell follicle; IFR, interfollicular region. The arrows indicate MHC-

II
++

/CD11R1
+
/SWC3a

+
 cells with dendritic morphology; the gray arrowheads indicate 

MHC-II
++

/CD11R1
+
/SWC3a

–
 DC; the black arrowheads indicate MHC-II

++
/CD11R1

–
/SWC3a

+ 

DC. MHC-II
–
/CD11R1

++
/SWC3a

++
 cells are eosinophilic granulocytes, weakly MHC-II posi-

tive cells are lymphocytes in B cell follicles, or endothelial cells in LP. LP and PP subepithelial 

dome: bar = 0.05 mm, PP interfollicular region and MLN: bar = 0.1 mm 
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Table 9 Frequencies of DC subpopulations in LP, PP, pseu do-afferent lymph, and MLN. 

Results from three -colour immunofluorescence microscopy (tissues) and two -colour flow c y-

tometry (lymph).  

Marker combination Region 

CD11R1
+
 

SWC3a
+
 

CD11R1
+
 

SWC3a
–
 

CD11R1
– 

SWC3a
+
 

CD11R1
– 

SWC3a
– 

Lamina propria, villus +++* + + n.d. 

PP, subepithelial + + +++ n.d. 

PP, interfollicular + + + +++ 

Intestinal lymph ++ +++ – – 

Mesenteric lymph node + +++ + + 

* +++ > 50 % cells; ++ 25 – 50 % cells; + < 25 %; n.d. not done (no specific marker/ 

suitable antibody combination) . 

 

In the PP (Figure 16b and c), DC were located in the SED as well as in the interfollicular 

T cell areas. DC in the SED of the PP were predominantly CD11R1–/SWC3a+, but 

CD11R1+/SWC3a+ and CD11R1+/SWC3a– DC were found as well. In contrast, most of the 

strongly MHC-II-positive cells with clear DC morphology in the interfollicular T cell areas 

expressed neither SWC3a nor CD11R1. Thus PP DC were mainly CD11R1–.  

We could not analyse the expression of co-stimulatory molecules, since hCTLA-4 muIg 

was found unsuitable for immunohistology. In general, no clear difference was found be-

tween cellular distribution in jejunum compared to ileum. Furthermore, we did not see any 

differences between tissues from previously cannulated animals and untreated animals of 

similar ages. A large number of MHC-II–/CD11R1++/SWC3a++ cells found in normal in-

testinal LP, but not in PP, were eosinophilic granulocytes. 

In addition to sections of the gut wall, histological sections of mesenteric lymph nodes 

(MLN) were examined (Figure 16d). In contrast to PP interfollicular regions, T cell areas 

of the MLN contained predominantly MHC-II++/CD11b+/SWC3a– DC. Only few 

CD11R1+/SWC3a+ and CD11R1–/SWC3a+ DC were detected in the interfollicular regions 

of MLN. SWC3a+ cells located near the sinuses of the lymph node did not express MHC-II 

and thus did not represent DC.  
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3.2.2 Analysis of dendritic cells isolated from tissues 

3.2.2.1  Cell yields and dendritic cell purification  

In order to obtain intestinal DC for functional assays, small intestinal mucosa with or with-

out PP, and MLN were digested with collagenase. Average total leukocyte yields were 

greater for PP and MLN isolations than for LP (see Table 10). Also, the percentage of 

MHC-II+  cells that include the DC population was greater in preparations obtained from 

PP and MLN than in those obtained from LP. Using Ficoll or Percoll density gradients did 

not significantly increase the DC numbers in the cell suspensions, but efficiently removed 

debris. A cytospin preparation of cells isolated from LP which includes some typical DC is 

shown in Figure 17. 

Table 10 Cell isolation from small intestine and mesenteric lymph nodes. Cells were isolated by C olla-

genase digestion, and low density cells were enriched by density gradient centrifugation in most 

samples. Total leukocyte yield was determined by phase contrast microscopy using a 

Neubauer’s counting cha mber. MHC -II expression was analysed by flow cyt ometry.   

 leukocyte yield (x 10
6
)/g tissue  % MHC-II positive cells 

Lamina propria  66.3 ± 29.5   9.7 ± 3.1 

Peyer’s Patches  125.7 ± 112.7   20.3 ± 12.9 

Mes. lymph nodes  123.4 ± 52.8   16.5 ± 7.1 

 

 

 

Figure 17 Analysis of cells isolated from 

intestinal lamina propria, 

MHC-II immunocytochemis-

try of cytospin preparation. 

Dendritic cells are stained 

dark blue. Bar = 50 µm.  
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3.2.2.2  Flow cytometry  

 

 

Figure 18 Three colour flow cytometric analysis of cells isolated from intestinal LP by collagenase diges-

tion. Putative DC were gated as MHC-II
++

 and by morphology. Light grey histogram: all MHC-

II
+
 cells; solid grey histograms: SWC3a-positive cells; black outlines: SWC3a-negative cells. 

One of three representative experiments is shown.  

DC in cell suspensions from lamina propria, Peyer’s patches, and mesenteric lymph nodes 

were analysed by three-colour flow cytometry in order to compare marker distribution with 

the results obtained by histological analyses (Table 11). Furthermore, a larger number of 

surface markers could be easily analysed. The morphology of DC isolated by collagenase 

digestion (Figure 17) was similar to that of the pseudo-afferent lymph DC shown in Figure 

7, page 18. The expression of SWC3a, CD45, CD11R1, CD16, CD1 and CD80/86 on cells 

electronically gated as MHC-II+ was examined.  

MHC-II+ LP cells (Figure 18) were divided into SWC3a+ and SWC3a– populations of simi-

lar sizes. All SWC3a+ cells expressed the leukocyte marker CD45, whereas approximately 

50 % of SWC3a– cells were also CD45–. With great likelihood, these CD45– cell repre-

sented endothelial cells previously described as “non-professional APC” (Haverson et al.  

2000). CD11R1 was present on most SWC3a+ cells; the SWC3a– subset, on the other hand, 

differentially expressed CD11R1. However, most of the SWC3a–/CD11R1– cells were 

probably endothelial cells which are always CD11R1 negative. Both CD16 and CD1 were 

present on the SWC3a+ subset and absent from the SWC3a– population. This reflects data 

from lymph DC, where we also observed a co-expression of SWC3a with CD16 and CD1. 

Interestingly, the CD1 positive population from LP was divided into a CD1+ and a CD1++ 
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subset. If endothelial cell contamination in the SWC3a- subset is taken into account, the ex-

pression levels of CD80/86 were similar in the SWC3a+ and the SWC3a– DC population. In 

summary, FACS analysis of LP cells corroborates the histological data with a major 

MHC-II+/CD11R1+/SWC3a+ DC population, and smaller populations negative for 

CD11R1 or SWC3a.  

 

Table 11 Expression of surface molecules on MHC -II positive cells isolated from small intestine and 

mesenteric lymph nodes  

Lamina propria Peyer’s Patch Mes. lymph node 
 

SWC3a
+ 

SWC3a
– 

SWC3a
+ 

SWC3a
– 

SWC3a
+ 

SWC3a
– 

% of SWC3a
+
/SWC3a

–
 DC     

total cells  3.6  ±  1.7  4.0 ±  2.6  7.7 ± 7.2 10.9 ± 9.4  4.8 ± 4.5 18.4 ±12.1 

MHC-II
+
 

cells 
48.5 ±   4.4 51.5 ±  4.4 41.3 ± 7.1 58.7 ± 7.1  20.8 ±13.6 79.3 ±13.6 

% expression on SWC3a
+
/SWC3a

–
 DC      

CD45 98.2 ± 1.1 53.0 ±10.2 99.3 ± 1.3 97.8 ±0.9  97.9 ± 0.4 98.5 ± 0.7 

CD11R1 84.6 ±  0.7 28.4 ±  3.3 20.1 ±16.9 1.2 ± 0.12  14.0 ± 4.0  2.3 ± 1.9 

CD16 84.3 ±  3.7 29.6 ±  8.6 29.6 ± 8.6 1.6 ± 1.5  37.1 ± 23.7  3.2 ± 0.9 

CD1 64.3 ± 16.5 14.4 ±  4.1 45.2 ±18.5  29.5 ±18.5  36.9 ± 7.6 47.5 ± 5.9 

CD80/86 76.5 ±  5.1 38.4 ±  5.2 25.3 ±22.3 28.4 ±26.0   44.9 ± 20.4 37.0 ±11.0 

 

 

Surface marker expression on cells isolated from PP and MLN is shown in Table 11. In 

contrast to LP preparations, the number of contaminating endothelial cells was negligible, 

with > 97 % of MHC-II+ cells expressing CD45. However, both in PP and MLN prepara-

tions, it was impossible to differentiate between MHC-II expressing B cells and DC. The 

SWC3a– population thus probably contained more B cells than DC. The percentage of 

SWC3a+ cells was higher in the PP cell suspensions with 41.3 ± 7.1 % then in MLN cell 

suspensions with 20.8 ± 13.6 %, which corroborates histological data. Surprisingly, the av-

erage percentage of CD11R1+ cells was also higher in PP preparations than in MLN, 

although most PP DC were found CD11R1– in histological analysis. However, the high 

standard deviation of the SWC3a+/CD11R1+ cells isolated from PP (20.1 ± 16.9 %) may 

have been due to a variable contamination of the samples with cells from adjacent villi. 
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CD16 expression was observed more frequently in SWC3a+ preparations than in SWC3a– 

preparations. However, a high percentage of SWC3a– cells from both PP and MLN sus-

pensions expressed CD1, which is in contrast to our observations from lymph. As in LP 

preparations, the expression of CD80/86 did not differ greatly between SWC3a+ and 

SWC3a– populations of PP and MLN cells, suggesting a similar maturation stage. 

In general, the results obtained by flow cytometry were comparable to those obtained by 

histological analysis, although the former were more difficult to interpret, since DCs could 

not be defined by their morphology or localisation. The PP preparation contained cells 

from SED, B cell follicles, interfollicular T cell regions and from normal villi.  

3.3 Effects of cholera toxin on porcine dendritic cells 

3.3.1 Influence of cholera toxin on porcine dendritic cells in vivo  

3.3.1.1  Oral cholera toxin application does not influence dendritic cell migration in lymph  

To examine the influence of oral antigen application on DC migration, four minipigs were 

fed Ctx by gastric tube, and the number of DC in intestinal lymph was determined on im-

munocytochemically stained cytospin preparations. Daily samples of 8 – 12 h collection 

periods before and after Ctx treatment, and samples from an untreated control group 

(n = 4) were compared. The percentage of DC in individual samples is given in Figure 19a 

and b for the treatment group and the control group, respectively. During the first 36 hours 

after Ctx application (day 6 and 7), the mean percentage of DC in pseudo-afferent lymph 

was higher in the treatment group with 4.5 % ± 3.5 % DC than in the control group with 

only 3.4 % ± 5.0 % DC. However, this change was not significant, and large variations be-

tween individual lymph samples were seen in both treated and untreated animals, as 

mentioned in section 3.1.1. Calculation of the absolute number of migrating DC in a given 

volume of lymph, or during a certain period of time gave similar results. Furthermore, no 

clear effects on the DC subset composition or the level of MHC-II or CD80/86 expression 

were observed (data not shown). 
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Figure 19 DC migration is not significantly influenced by mucosal cholera toxin (Ctx) application. 

Percentage of DC in pseudo-afferent intestinal lymph from 8-hour collection periods was 

estimated by analysis of whole lymph cytospin preparations, immunochemically stained for DC 

(MHC-II). Symbols represent separate values. (a) Pigs (n = 4) were orally immunised with Ctx 

(100 µg) + Ctx-B (500 µg) on day 5 of the cannulation experiment. (b) Untreated control group 

(n = 4). 

 

 

 

Figure 20 Digital image analysis of DC subsets in intestinal lamina propria after loop experiment. 1 µg of 

cholera toxin (Ctx) in PBS, or PBS alone were applied to ligated loops of the small intestine for 

1 h. Loops were analysed by 3-colour immunofluorescence microscopy, and pixels were 

counted using ImageJ software. A total of 24 loops from two animals were analysed. (a) per-

centage of MHC-II
+
 pixels positive or negative for SWC3a. MHC-II

+
; (b) MHC-II

+ 
pixels per 

total pixels in lamina propria; DC: MHC-II
+
/CD11R1

+
 or MHC-II

+
/SWC3a

+
 pixels per area. 
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3.3.1.2  Cholera toxin causes an increase in SWC3a + dendritic cells in intestinal lamina 

propria  

The short term effects of Ctx on the number and the subset distribution of DC were studied 

in a loop experiment. Digital image analysis was used to compare tissue from different 

loops after three-colour immunofluorescence labelling. The frequency and the co-localisa-

tion of the markers MHC-II, SWC3a, and CD11R1 were examined. As illustrated in Figure 

20a, Ctx application significantly (p < 0.01) increased the percentage of SWC3a+ pixels 

compared to SWC3a– pixels. However, neither the percentage of MHC-II+ pixels nor the 

percentage of MHC-II+ pixels co-expressing CD11R1 or SWC3a representing DC was sig-

nificantly altered after one hour of incubation with Ctx (Figure 20b). Similarly, no changes 

were seen in the number CD11R1+ pixels. 

3.3.2 Influence of cholera toxin on porcine dendritic cells in vitro  

3.3.2.1  Cholera toxin up -regulates CD80/86 on dendritic cells from lamina propria and 

mesenteric lymph nodes  

Ctx as a mucosal immunogen can induce maturation of human and murine DC including 

the up-regulation of MHC-II and of the co-stimulatory molecules CD80/86 (Gagliardi & 

De Magistris 2003; Lavelle et al.  2003). In order to test whether Ctx has similar effects on 

porcine DC, cells isolated from intestinal LP or from MLN were cultured with Ctx, Ctx-B, 

or LPS, and analysed by flow cytometry. As shown in Figure 21a, Ctx induced an approxi-

mately twofold increase in the expression of CD80/86 on MHC-II+ LP cells. Similarly, 

Ctx-B caused a slight up-regulation of co-stimulatory molecules, whereas LPS had no ef-

fect on CD80/86 expression. In contrast, MHC-II+ cells derived from MLN up-regulated 

CD80/86 in response to both Ctx and LPS; combining Ctx and LPS seemed to have addi-

tive effects. The observed effects were already detected after 24 h, but more pronounced 

after 48 h.  

Although the level of MHC-II expression on LP cells in Figure 21b was increased after 

culture with Ctx compared to the untreated control, this effect was unspecific, since it 

could not be blocked by addition of soluble GM1. No obvious trend was detected for 

MHC-II expression of LP cells in several individual experiments. Similarly, Ctx or LPS 

had no clear effects on MHC-II expression of MLN cells. 
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Ctx did not seem to induce increased cell death of cultured cells; however, survival of cells 

isolated from intestinal tissues was generally poor. PP cells were not analysed in this assay, 

since it was impossible to separate cell populations derived from dome areas, interfollicu-

lar regions, and adjacent villi.  

 

 

Figure 21 Expression of maturation markers on tissue-derived DC after stimulation with cholera toxin 

(Ctx), cholera toxin B subunit (Ctx-B), or LPS. GM1 was used as specific inhibitor of Ctx. DC 

were isolated from tissue by collagenase digestion and cultured in the presence of stimulants for 

48 h. The expression of (a) CD80/86 and (b) MHC-II was analysed by flow cytometry and is 

shown as relative fluorescence intensity compared to the untreated control. One of three repre-

sentative experiments is shown. 

 

 

Figure 22 Cholera toxin B-subunit binds to the surface of all MoDC. MoDC were incubated with the 

biotinylated Ctx-B-subunit, followed by streptavidin-Alexa 488. Cells were then analysed by 

confocal microscopy (a: Nomarsky, b: Alexa 488), and by flow cytometry (c). Homogenous 

binding to the cells is seen with both methods. Bar = 8 µm. 

c 
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3.3.2.2  Cholera toxin B -subunit binds to monocyte -derived dendritic cells  

For studying the effects of Ctx on porcine MoDC, we first wanted to show that the Ctx re-

ceptor GM1 is present on porcine MoDC. Using biotinylated cholera toxin B-subunit (Ctx-

B), we analysed whether Ctx-B binds to the cell surface. Homogenous binding to MoDC 

was shown by confocal microscopy (Figure 22a & b), as well as by flow cytometry (Figure 

22c). 

3.3.2.3  Cholera toxin up -regulates CD80/86 and down -regulates MHC -II on monocyte -

derived dendritic cells  

To evaluate maturation status of DC, surface expression of MHC-II, MHC-I, co-stimula-

tory molecules CD80/CD86, and chemokine receptors CCR1 and CXCR4 was analysed by 

flow cytometry (Figure 23). 

Addition of LPS, TNFa, or a combination of TNFa and IFNa to MoDC cultures resulted 

in a higher expression of CD80/CD86, MHC-II (Figure 23a & b) and MHC-I (data not 

shown) than in the untreated controls. A decreased expression was observed for CCR1 

(Figure 23c), a receptor of inflammation-associated chemokines. Cholera toxin (Ctx) alone 

also induced an up-regulation of CD80/86 as well as a down-regulation of CCR1. How-

ever, Ctx decreased both MHC-II and MHC-I expression on MoDC. This decrease was 

also observed if Ctx was combined with other stimuli (LPS, TNFa, IFNa + TNFa). In 

contrast, the combination of Ctx with other stimuli had additive effects on the expression 

of CD80/86 and CCR1. These effects were already seen after 24 h, but became more 

prominent after 48 h of stimulation. Ctx-B alone had a similar, but weaker influence than 

Ctx on all parameters analysed. The observed effects of Ctx could be largely averted if the 

soluble GM1 receptor was added to the cultures. 

 

 

Figure 23 Influence of cholera toxin (Ctx) on MoDC-maturation. FACS analysis of (a) MHC-II, (b) 

CD80/86 and (c) CCR1 expression on porcine MoDC. Three day porcine MoDC were cultured 

for 48 h in the presence or absence of Ctx or Ctx-B together with other maturation stimuli (LPS, 

TNFa, IFNa + TNFa). Solid grey histograms: culture with Ctx; black outline: culture without 

Ctx; dotted grey outline: conjugate control. One representative experiment out of four is shown. 
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3.3.2.4  Cholera toxin suppresses T cell stimulation by monocyte -derived dendritic cells  

To further analyse functional effects of Ctx on MoDC, the capacity of Ctx-primed MoDC 

to stimulate T cells was studied in a superantigen proliferation assay using SEB. Direct ef-

fects of Ctx on PBMC were avoided by thoroughly washing the DC before co-culture with 

PBMC. As shown in Figure 24, MoDC pre-incubated with Ctx for 24 h strongly inhibited 

T cell proliferation (p < 0.001, Student’s t-Test), although it remained higher than in cul-

tures containing PBMC alone. This inhibitory effect was independent of other maturation 

stimuli (LPS, TNFa, TNFa + IFNa) and could be averted by adding the soluble Ctx re-

ceptor GM1 to the cultures. LPS alone also caused a slight decrease in T cell proliferation 

(p < 0.05). Ctx-B had similar, but much weaker effects than Ctx (data not shown). 

 

 

 

Figure 24 Inhibition of T cell proliferation by Ctx-primed MoDC. Porcine MoDC were stimulated for 

24 h with LPS, TNFa, and TNFa + IFNa in the presence or absence of Ctx. These cells were 

then loaded with SEB as an antigen. The proliferative response of SWC3a-depleted PBMC to 

these cells at a 1 : 10 ratio was determined after 4 days by [H
3
] thymidine incorporation (cpm). 

The results shown are representative of three independent experiments. *** p   0.001 

3.3.2.5  Cholera toxin does not influence endocytic capacity of monocyte -derived dendritic 

cells 

The endocytic capacity of porcine MoDC after 48 hours of culture with different stimu-

lants was tested with the marker substance DQ™ Ovalbumin, which gives a fluorescent 

signal only in acidified phagosomes. Figure 25 shows the FACS analysis of MoDC incu-

bated with DQ™ Ovalbumin for 30 min. As expected, addition of LPS, TNFa, or a 

combination of both, decreased the uptake of DQ™ Ovalbumin by MoDC. However, no 
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clear effects of Ctx or Ctx-B on endocytic capacity of MoDC were detected. Similarly, the 

decrease in endocytic capacity induced by LPS, TNFa, or both was not altered by the ad-

dition of Ctx to the cultures.   

 

 

 

Figure 25 Influence of Ctx on endocytic capacity of MoDC. Uptake of DQ™ ovalbumin by MoDC after 

30 min incubation at 37°C was analysed by flow cytometry. (a – c) MoDC pre-treated with Ctx, 

Ctx-B, or Ctx + GM1 (black outlines) were compared to untreated controls (grey histograms). 

(d – f) MoDC were treated with the maturation stimuli LPS, TNFa, and LPS + TNFa with Ctx 

(black outline) or without Ctx (dotted grey outline). Grey histograms: untreated control. One 

representative experiment out of three is shown. 

3.3.2.6  Cholera toxin induces IL -10 secretion by monocyte -derived dendritic cells  

Since the strong suppressive effects of Ctx pre-treatment on MoDC can not be explained 

by the reduction of MHC-II expression, we analysed whether this effect might be mediated 

by cytokines secreted into the culture medium. The amount of IL-10 and IL-12 in culture 

supernatants of MoDC was studied by ELISA. As shown in Figure 26a, Ctx alone or in 

combination with either LPS or TNFa + IFNa induced the secretion of IL-10. IL-10 levels 

were highest in cultures where Ctx was used in combination with LPS, whereas 

IFNa/TNFa diminished the effects of Ctx on IL-10 secretion. IL-10 secretion was clearly 
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detected after 12 h, and was further increased after 24 h. In contrast to IL-10, IL-12 was 

found in supernatants of all MoDC cultures (Figure 26b). However, addition of Ctx or 

other stimuli did not have any significant influence on IL-12 levels at any of the time 

points analysed (6 h, 12 h, 24 h, and 48 h). 

 

 

 

Figure 26 Cytokine secretion by MoDC. MoDC were cultured in the presence of LPS or IFNa + TNFa 

with or without Ctx. Supernatants were harvested after (a) 12 h or (b) 24 h and measured for the 

presence of (a) IL-10 or (b) IL-12 by enzyme-linked immunosorbent assay.  
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4. Discussion 

4.1 Characterisation of porcine pseudo-afferent intestinal lymph den-

dritic cells 

This study presents the first characterisation of migrating dendritic cells (DC) collected 

from pseudo-afferent lymph draining the porcine small intestine (“lymph DC”). The cells 

were classified as DC based on their veiled morphology, and based on their high expres-

sion of MHC-II. Their morphology closely resembled that of DC found in afferent porcine 

skin lymph, porcine PP, and thoracic duct lymph of MLN-resected rats (Drexhage et al.  

1979; Makala et al.  1998; Liu et al.  1998), The median percentage of DC collected from 

porcine intestinal lymph (1.8 %) was similar to that of rat thoracic duct lymph, with 1.5 – 

2.5 % of total lymph cells (Mayrhofer et al.  1986). However, in contrast to rats, where DC 

migration seems to be stable under steady state conditions (Pugh et al.  1983), DC content 

of porcine intestinal lymph was subject to large variations, with individual samples con-

taining up to 35 % DC. Although no obvious correlation with animal health, medication, or 

food intake was seen, we can not rule out individual surgery-induced inflammatory reac-

tions. Further studies are necessary to clarify this aspect. Intestinal lymph DC could be 

enriched efficiently to > 80 % purity using density gradients in combination with magnetic 

bead sorting. This enabled further phenotypic and functional analysis of the DC.  

The most surprising finding was the inability of intestinal lymph DC to induce prolifera-

tion either of autologous or of allogeneic lymphocytes at DC-PBMC ratios of 1 : 10 to 

1 : 1,000, whilst PBMC alone showed a strong proliferative response to mitogenic stimuli 

(ConA), or to allogeneic PBMC. Thus our findings contrast results obtained with DC iso-

lated from porcine LP or PP, which did induce strong allogeneic MLR (Makala et al.  1998; 

Haverson et al.  2000). However, these cells were isolated from tissues by collagenase di-

gestion, which might have altered their phenotypes, whereas DC collected by pseudo-

afferent cannulation remain close to their natural state (MacPherson et al.  2004). Thoracic 

duct lymph DC in MLN resected rats were also able to induce T cell proliferation, even at 

a higher rate than DC isolated from PP (Liu & MacPherson 1995; Liu et al.  1998). Again, 

rat thoracic duct lymph DC are not directly comparable to porcine cells collected from the 

intestinal lymph duct, as thoracic duct lymph also contains efferent lymph cells from the 

hind limbs. Additionally, cannulated rats undergo severe stress, since they have to be con-
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fined to narrow restraining cages during the short experiments. This is likely to influence 

immune functions in these animals. The pig model with longer lymph collection periods 

should more closely resemble physiological conditions.  

The inability of DC to induce a proliferative response may be due either to an immature 

stage, or to a tolerogenic phenotype of the DC (Lutz & Schuler 2002). Immature DC ex-

press only low levels of co-stimulatory molecules, whilst having a high phagocytic 

capacity (Banchereau et al.  2000). In our study, MHC-II and CD80/CD86 were expressed 

at uniformly high levels, whereas only few DCs showed receptor mediated endocytosis of 

FITC-dextran, and some cells already contained antigen taken up from apoptotic cells be-

fore migration. The lack of typical characteristics of immature DC suggests that lymph DC 

have a tolerogenic, “semi-mature” phenotype. It is generally believed that DC have taken 

up antigens in the periphery before they start migrating to draining lymph nodes 

(Banchereau et al.  2000). One might envisage that, without pathogenic challenge, most DC 

in intestinal lymph have taken up only self-antigens or harmless food antigens. It is there-

fore conceivable that in the absence of pathogens, maturation signals via pattern 

recognition receptors were missing, and full DC maturation could not be induced 

(Matzinger 1994). A tolerogenic DC population in the absence of overt antigenic stimula-

tion would also make sense for the maintenance of homeostasis. Interestingly, DC isolated 

from the PP of healthy pigs were similarly unable to stimulate syngeneic PBMC (Makala 

et al.  1998). 

In addition to the functional tests, surface marker expression of lymph DC was studied. 

Two distinct DC populations, CD11R1+/SWC3a+/CD16+/CD1+/– and CD11R1+/SWC3a–/ 

CD16–/CD1–, were detected in porcine pseudo-afferent intestinal lymph. Previous studies 

in pigs have described SWC3a+ DC in skin, peripheral blood, thymus, and intestinal LP 

(Haverson et al.  2000; Salmon et al.  2000; Bautista et al.  2002; Summerfield et al.  2003). 

SWC3a– DC were found in PP and, as natural interferon producing cells, in different re-

gions of the intestinal mucosa (Makala et al.  1998; Riffault et al.  2001). SWC3a is a 

specific myelomonocytic antigen and a member of the signal regulatory protein family 

(SIRPa), as shown by N-terminal sequence analysis (Alvarez et al.  2000). Thus the 

SWC3a+ and SWC3a– DC populations in porcine lymph are probably homologous to the 

OX41+ and OX41– DC subsets in rats, and the MyD-1+ and MyD-1– subsets in ruminants, 

which also represent SIRPa (CD172a).  
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SIRPa is a non-rearranging Ig superfamily member that signals through immunoreceptor 

tyrosine-based inhibition motifs (ITIM) when engaged by its ligand CD47, which is ex-

pressed ubiquitously on all hematopoietic cells (Latour et al.  2001; van den Berg et al.  

2004). On macrophages, SIRPa negatively regulates host cell phagocytosis (Oldenborg et 

al. 2001). Interestingly, typical DNA-fragments as well as cytokeratin-positive inclusions 

representing apoptotic host cells were exclusively found in SIRPa– DC of both rats and 

sheep (Huang et al.  2000; Epardaud et al.  2004). Apoptotic DNA was also detected in por-

cine pseudo-afferent lymph DC. However, although no expression of SWC3a was seen on 

any of the cells containing apoptotic bodies, it was not possible to clearly differentiate be-

tween SWC3a+ and SWC3a– DC populations when the TUNEL-assay was combined with 

immunofluorescence analysis.  

Analysis of human MoDC revealed that SIRPa engagement could efficiently prevent DC 

maturation (Latour et al.  2001). Furthermore, IL-12 and TNFa release after bacterial 

stimulation of DC was decreased, and IFNg secretion by co-cultured naïve T cells was in-

hibited, resulting in a suppression of Th1 responses.  

In our study, the SWC3a+ lymph DC subset expressed higher levels of IL-10 mRNA than 

the SWC3a– subset. This indicates that DC expressing SIRPa promote a Th2 or a Treg re-

sponse rather than a Th1 response. Similar observations were made for pseudo-afferent 

lymph DC from bovine skin (Stephens et al.  2003). However, the SIRPa– DC of bovine 

skin lymph produced more IL-12 than SIRPa+ DC, whereas we observed similar IL-12 p40 

mRNA levels for both populations. Notably, IL-12 is a heterodimer consisting of a p35 and 

a p40 subunit, which it shares with IL-23 (Oppmann et al.  2000). In mice, p40 is constitu-

tively expressed in a population of CD11b–/CD8a– DC of the ileal LP in the presence of a 

normal commensal flora (Becker et al.  2003). Because of higher tissue levels of IL-23 p19 

compared to IL-12 p35, more IL-23 than IL-12 is formed. In contrast to IL-12, IL-23 in-

duces the proliferation of memory T cells in mice. Although no reports have been 

published on IL-23 expression and function in the pig, we can not rule out that the p40 

mRNA we measured represented bioactive IL-23 rather than IL-12. 

Surprisingly, mRNA of IL-18, a Th1 polarising cytokine (de Jong et al.  2005) was ex-

pressed at a higher level in the SWC3a+ DC population, together with IL-10. This might 

suggest a generally higher transcriptional activity in the SWC3a+ DC subset. However, it is 

unclear to what extent the relative amount of IL-18 mRNA correlates with the active pro-

tein, since IL-18 is synthesised as a pre-protein that needs to be activated by caspase-1 
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cleavage, which can be induced by bacterial infection of intestinal mucosa (Foss et al.  

2001).  

In addition to the differences in cytokine expression, other functional differences between 

SIRPa+ and SIRPa– DC have been described. The SIRPa+ DC of both rats and cattle were 

more potent APC in MLR than SIRPa– DC (Howard et al.  1997; Liu et al.  1998), although 

SIRPa+ of rats actually expressed lower levels of co-stimulatory molecules. In our study, 

no difference in CD80/86 expression was seen between SWC3a+ and SWC3a– DC, and, as 

discussed above, porcine intestinal lymph DC were generally not able to induce T cell pro-

liferation in vitro . Further research is necessary to better define the functional roles of 

SWC3a+ and SWC3a– DC in porcine pseudo-afferent intestinal lymph. 

4.2 A new model for dendritic cell migration in the porcine intestinal 

tract 

In order to identify possible migration routes of DC in the porcine intestinal tract, the dis-

tribution of DC subpopulations in lamina propria of normal villi was compared to SED and 

T cell regions of PP, pseudo-afferent lymph, and T cell regions of MLN.  

In general, histological examination of tissues and FACS analyses of isolated cells yielded 

largely similar results. In addition to the CD11R1+/SWC3a+ and CD11R1+/SWC3a– sub-

sets found in lymph, two other DC populations negative for CD11R1 were detected in 

tissues: CD11R1–/SWC3a+ DC were the dominant population in the SED of PP, while the 

interfollicular T cell regions mainly contained CD11R1–/SWC3a– DC. Since T cell regions 

of PP need DC for their regular function, MHC-II++ cells with dendritic morphology pre-

sent in these regions were considered as DC, even though other DC markers were not 

detected. The predominant cell types in LP and MLN were CD11R1+/SWC3a+ DC and 

CD11R1+/SWC3a– DC, respectively. Thus our observations validate earlier results of 

CD11R1+/SWC3a+ DC in the pig LP (Haverson et al.  2000). The SWC3a– isolated by 

Makala et al. (1998) from porcine PP may have been largely derived from interfollicular 

regions.  

The presence of CD11R1 on DC in LP, pseudo-afferent intestinal lymph, and MLN, and 

the lack of CD11R1+ DC in PP indicates that DC migrating to the MLN via intestinal 

lymph vessel originate mainly from the LP, as previously proposed by Rothkötter et al. 

(1999b) and Shreedhar et al. (2003). Conversely, Pugh et al. (1983) detected more DC in 
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afferent lymph draining lengths of rat intestine with PP than of those without PP. However, 

this difference was not shown as significant; and DC were identified only by morphology 

in their study. An alternative explanation may be an up- or down-regulation of CD11R1 

during DC migration. 

 

 

 

Figure 27  DC migration model for the porcine intestinal tract. Black arrows indicate hypothetical migra-

tion routes. Only the major DC subsets in the different compartments are shown. 

 

Our observations of mainly CD11R1– DC both in SED and IFR might suggest DC traffic 

between these two compartments. This corroborates studies in mice where DC could be in-

duced to move from the SED to IFR of PP in response to systemic or mucosal antigen 

application (Iwasaki & Kelsall 2000; Shreedhar et al.  2003). Our hypothesis for DC migra-

tion pathways in the porcine intestinal tract is shown in Figure 27.  

Still, it is important to note that the turnover time of DC in the whole small intestine is only 

three days (Pugh et al.  1983; Kobayashi et al.  2004), whereas DC can remain in the SED 

of PP for up to 14 days, even after uptake of inert antigens (Shreedhar et al.  2003). Thus 

the half-life of a DC in the LP apparently differs from that in PP. Furthermore, the propor-

tion of intestinal tissue made up of PP is a lot smaller that of normal LP. Hence, even if PP 
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DC do migrate to MLN via lymph, they should only appear as a negligibly small propor-

tion of all lymph DC under steady state conditions.  

CD11R1 is the porcine molecule recognised by cross-reactive anti-human CD11b anti-

bodies (Dominguez et al.  2001), and its expression on DC subsets might be comparable to 

other species. CD11b is a typical marker of murine and rat DC subsets (Liu & MacPherson 

1995; Proietto et al.  2004). Here, CD11b+ and CD11b– DC are found as fixed subsets 

(Kelsall & Strober 1996), suggesting that no up- or down-regulation occurs during matura-

tion. Furthermore, it was recently demonstrated that CD11b is not involved in the 

regulation of DC migration in rats (Kobayashi et al.  2004). In contrast to pigs, however, 

where PP DC were mainly CD11R1– and LP DC were largely CD11R1+, murine DC in the 

SED of PP were largely CD11b+/CD8a– (Iwasaki & Kelsall 2001), and CD11b–/CD8a– in 

the LP (Becker et al.  2003). Thus the distribution of CD11R1+ and CD11R1– DC in pigs is 

not comparable to CD11b+ and CD11b– DC in mice. The rat seems to be more similar to 

the pig in that respect: Most DC isolated from thoracic duct lymph were CD11b+, about 

half the DC from MLN and LP expressed CD11b, but only few DC isolated from PP (Liu 

& MacPherson 1995). 

Possible roles of SWC3a (SIRPa) on DC have been discussed in section 4.1. As in lymph, 

SWC3a (SIRPa) was largely co-expressed with CD16 and CD1 on tissue DC, though a 

proportion of SWC3a– DC isolated from PP and MLN was also CD1+. SWC3a+ and 

SWC3a– DC were detected in all the compartments examined, but their frequency differed 

greatly: In “peripheral” regions where antigen uptake occurs, i.e. LP and PP SED, most DC 

expressed SWC3a. Conversely, SWC3a was largely absent on DC in IFR of PP and MLN, 

whereas approximately equal proportions of SWC3a+ and SWC3a– DC were present in 

lymph. The distribution of SWC3a+ and SWC3a– DC in the porcine intestinal tract resem-

bled that of SIRPa+ and SIRPa–  DC in rats, where SIRPa+ DC were excluded from T cell 

areas both of MLN and PP. Similarly, SIRPa+ DC were absent from T cell regions of 

ovine lymph nodes, in spite of a high frequency of SIRPa+ DC in lymph1. Although SIRPa 

expression on lymph DC seems to be stable in rats (Liu et al.  1998; Turnbull et al.  2005), 

up- or down-regulation is conceivable and would explain the differences in the percentage 

of DC subpopulations at different sites. Thus, SIRPa might be down-regulated during the 

maturational process that takes place when DC migrate to T cell regions after antigen up-
                                                 
1
 I. Schwartz-Cornil (2004), personal communication 
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take. As an alternative, the two populations may have different migration or survival kinet-

ics.  

Intestinal natural-interferon producing cells (NIPC) are SWC3a– DC located in LP, PP, and 

MLN (Riffault et al.  2001). Although we did not analyse IFNa expression, it is likely that 

either the CD11R1+/SWC3a– or the CD11R1–/SWC3a– subset represented the NIPC. The 

fact that NIPC precursors present in porcine blood express SWC3a (Summerfield et al.  

2003), whilst NIPC in intestinal tissue are SWC3a– might also indicate down-regulation of 

SWC3a during maturation. 

4.3 Modulation of porcine dendritic cells with cholera toxin 

To further investigate the functional capacity of porcine DC, the effects of the strong mu-

cosal antigen cholera toxin (Ctx) on these cells were studied.  

Mucosal or systemic antigen application can influence DC migration in the intestinal tract. 

Thus, intravenous application of LPS in MLN-resected rats increased the release of intesti-

nal DC into thoracic duct lymph with a peak between 12 and 24 hours (MacPherson et al.  

1995; Turnbull et al.  2005). In our study, neither the subset composition nor the number or 

percentage of DC migrating in intestinal lymph was significantly altered after mucosal ap-

plication of Ctx at a dosage that has been shown to induce protective antibody responses in 

pigs (Rothkötter et al.  1998; Foss & Murtaugh 1999). This might indicate that protective 

mucosal immune responses can be generated without greatly altering DC traffic in lymph. 

Conversely, a recent report on lymph DC from ovine head mucosae describes an up-regu-

lation of DC migration only during the first hour after cholera toxin application (Epardaud 

et al.  2004). Although head mucosae are not directly comparable to the small intestine, our 

sampling times 8 and 16 hours after immunisation could have missed similar transient 

changes.  

Therefore, short term effects of Ctx on DC populations in the porcine small intestine were 

examined in a loop experiment. However, no alterations in the number of DC could be de-

tected in small intestinal LP after 1 h of incubation. Experiments in mice have shown that 

cholera toxin application increased the yield of DC in epithelial preparations of the small 

intestine after 2 h, and caused an accumulation of a CD11b+ CD8amedium DC population in 

mesenteric lymph nodes after 24 h (Anjuere et al.  2004). Also, it was demonstrated that 

murine DC can be induced to move from the SED to IFR of PP in response to Ctx within 

24 h (Shreedhar et al.  2003). However, both authors used more than 100-fold higher 
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amounts of cholera toxin relative to body weight in their experiments than we did in our 

study, with 10 – 50 µg per mouse compared to 100 µg per pig or 1 µg per individual loop. 

In the pig, severe secretory diarrhoea can be induced by Ctx at a dosage of 15 µg/kg body 

weight. It is therefore possible that increasing amounts of Ctx might also influence DC dis-

tribution in the porcine intestine. Interestingly, application of Ctx to ligated loops did 

significantly change the ratio of SWC3a+ and SWC3a– DC in the villus LP. Thus, the ma-

jor population of SWC3a+ DC was further increased after Ctx application. Further research 

is necessary to explain this observation.  

Ctx has been shown to induce functional and phenotypic maturation of murine BM-DC 

and human MoDC in vitro  (Gagliardi et al.  2000; Gagliardi & De Magistris 2003; Kawa-

mura et al.  2003; Lavelle et al.  2003). In vivo, neither the expression of MHC-II or of co-

stimulatory molecules CD80/86 on porcine pseudo-afferent intestinal lymph DC was sig-

nificantly influenced by mucosal Ctx-application. Again, this may have been due to 

inadequate sampling intervals. In contrast, in vitro  culture of DC isolated from pig intesti-

nal LP or MLN with Ctx resulted in an approximately two-fold increase in CD80/86 

expression, while MHC-II expression remained unchanged. Corresponding observations 

were made for porcine alveolar macrophages (Foss et al.  1999). Similarly, Ctx could in-

crease the expression of CD80/86, and reduce the expression of CCR1 on porcine MoDC. 

CCR1 is a receptor for inflammatory chemokines which is down-regulated upon matura-

tion to enable DC exit from inflamed tissue and their migration to lymph nodes (Sallusto et 

al. 1998). Unfortunately, other chemokine receptors could not be analysed because of the 

limited availability of cross reactive or specific antibodies for use in the pig.  

Surprisingly, however, Ctx induced a clear reduction in MHC-I and MHC-II surface ex-

pression on MoDC. This was accompanied by a significantly decreased ability to induce 

T cell proliferation in an autologous Staphylococcal enterotoxin B (SEB)-proliferation as-

say. Inhibitory effects of Ctx on porcine MoDC were also seen in antigen-specific 

proliferation assays2. The endocytic capacity of MoDC was not influenced by Ctx. It is 

unlikely that the observed effects of Ctx on pig MoDC were due to specific experimental 

procedures, since incubation times as well as concentrations of the reagents used in our ex-

periments were comparable to those used in studies of human or murine DC. Also, the 

suppressive effects were not due to residual endotoxin present in the reagent, as they were 

reversible by addition of the soluble GM1-receptor, which specifically binds Ctx.  

                                                 
2
 H. Rau & A. Summerfield (2005), personal communication  
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Thus cholera toxin seems to induce a unique maturation state on porcine MoDC that is 

characterised by some maturation associated changes, e.g. the up-regulation of co-stimu-

latory molecules and the down-regulation of inflammatory chemokine receptors, in 

combination with a decreased MHC-I and MHC-II expression and T cell stimulatory ca-

pacity.  

The absence of a good proliferative response can be explained either deletion or anergy of 

T cells, or by generation of regulatory T cells (Mahnke et al.  2003; O'Garra & Vieira 

2004). In mice, it has previously been reported that Ctx can promote the expansion of regu-

latory T cells by inducing IL-10 production by BM-DC, which then inhibits downstream 

signalling via CD28 on T cells (Lavelle et al.  2003; de Jong et al.  2005). In our study, 

IL-10 production was clearly increased in Ctx-primed MoDC cultures and therefore possi-

bly responsible for the tolerogenic effects.  

Importantly, oral application of Ctx in the pig predominantly induces mucosal production 

and secretion of IgA. This indicates that other mechanisms, e.g. increased intestinal perme-

ability or activation of the enteric nervous system (Lycke et al.  1991; Berggreen et al.  

2000), may also play a role in the induction of functional Th2 responses in vivo . Both Th2 

and Treg responses are partly induced by IL-10 (de Jong et al.  2005). The observation that 

IL-12 secretion did not seem to play an important role is in agreement with previous re-

ports demonstrating normal immune responses to Ctx in IL-12 deficient mice (Lycke 

2004). 

The ability to differentially regulate the expression of MHC and co-stimulatory molecules 

on DC, and to promote tolerance has been demonstrated for other pathogens, where it may 

play a role in immune evasion. For example, a transient up-regulation of co-stimulatory 

molecules together with a reduced expression of MHC-II and a reduced T cell stimulatory 

capacity can be induced by Yersinia enterocolitica after invasion of DC (Schoppet et al.  

2000). In contrast, human cytomegolavirus (HCMV) causes a down-regulation of MHC-I, 

MHC-II, and CD80/86 and also inhibits IL-12 production (Moutaftsi et al.  2002). Similar 

effects on DC maturation marker expression together with a transient inhibition of T cell 

stimulatory capacity were induced by Vitamin D3 (Canning et al.  2001). Like Ctx, Vitamin 

D3 induced IL-10 production, which is likely to be responsible for the induction of tolero-

genic DC functions and T regulatory cells. Interestingly, Vitamin D3 has also been shown 

to promote mucosal immune responses to intradermally co-administered antigens 

(Enioutina et al.  2000).  
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Notably, the co-stimulatory molecules CD80 and CD86 are sometimes differentially ex-

pressed: Thus, both Yersinia  invasion and Vitamin D3 application cause an increase in 

CD86 and a decrease in CD80 on DC, whereas Ctx causes an increase in CD80 and a de-

crease in CD86 (Canning et al.  2001; Jang et al.  2003). Since specific antibodies against 

porcine CD80 and CD86 are not yet available, we could not analyse this aspect.  

In our hands, the B-subunit of Ctx alone had effects similar to the complete toxin Ctx, al-

though the effects were much weaker. Other studies have shown that MoDC activation by 

Ctx is partly dependent on an increase in intracellular cAMP and requires an active A1 

domain of the toxin (Yamamoto et al.  1999; Bagley et al.  2002; Gagliardi & De Magistris 

2003; Kawamura et al.  2003). It is therefore possible that the effects we observed were 

caused by residual cholera toxin A subunit in the reagent (up to 0.5 %, according to the 

manufacturer). This matter was not investigated further. In general, our results corroborate 

previous reports indicating that there are species-specific differences in the effects of Ctx 

on the immune system (Durrani & Rijpkema 2003).  

4.4 General conclusions 

In this study, porcine intestinal DC were functionally and phenotypically characterised, 

and their reaction to Ctx was analysed. Dendritic cells have been shown to have different 

immune-regulatory effects on T cells, and can either promote proliferative responses or 

tolerance (Banchereau & Steinman 1998). Two “tolerogenic” DC populations were found 

in our study: Firstly, DC spontaneously migrating from the gut wall to MLN; and secondly, 

MoDC stimulated in vitro  with Ctx.  

If DC migrating in pseudo-afferent intestinal lymph are mainly derived from LP, as sug-

gested by our results, this might indicate that DC in the LP of the small intestine as well as 

DC in MLN largely mediate tolerance under steady-state conditions. DC in PP, where ac-

cess to pathogens is facilitated by M cells, might be specialised in the generation of active 

T cell responses. Here, mucosal immunisation with Ctx did not increase DC traffic in in-

testinal lymph or the maturation stage of migrating DC. This may indicate that DC in LP 

and MLN are not involved in the generation of mucosal immunity to Ctx, but are rather re-

sponsible for the generation of tolerance. Studies in PP-free mice might support this 

hypothesis. Oral tolerance could be induced in mice lacking PP, but not in animals lacking 

both PP and MLN (Spahn et al.  2001; Spahn et al.  2002). On the other hand, PP are essen-
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tial for the induction of specific immune responses against particulate antigen (Kunisawa et 

al. 2002).  

However, it remains unclear whether these differential functions of LP, PP and MLN in 

generating either immunity or tolerance depend on specific DC subsets present in these 

compartments, or rather on environmental conditions. Both DC in porcine LP and in the PP 

are ideally positioned for antigen uptake, either next to M cells in the SED of the PP, or in 

the LP with epithelial processes in the gut lumen. Although the intraluminal processes can 

take up bacteria (Rescigno et al.  2001), they are extremely rare. Therefore LP DC are nor-

mally more likely to encounter absorbed food proteins. In contrast, particulate antigens are 

more likely to be taken up by M cells and thus gain access to PP DC. However, the number 

of epithelial DC processes can be significantly enhanced during gut infection with Salmo-

nella (Niess et al.  2005). Also, it has been shown that protective mucosal IgA responses 

can be generated in the absence of PP (Yamamoto et al.  2000). This indicates that both LP 

and PP DC may be capable of inducing immunity when activated by pathogen-derived 

“danger signals”.  

In conclusion, it is probable that the kind of immune response generated in the intestinal 

tract depends on a number of complex interactions between local microenvironment, tissue 

architecture, DC subsets, other cell populations, and the type of antigens present. The ob-

served effects of the mucosal immunogen Ctx on porcine DC are perhaps a typical 

example: While Ctx application in vivo  induces protective immunity, incubation of MoDC 

with Ctx in vitro  induces tolerogenic DC. Similarly, MHC-II molecules were down-regu-

lated in vitro  on MoDC, but not on DC in cell suspensions derived from MLN or the 

intestinal LP. With great likelihood, the tissue derived DC had a different activation stage 

at the start of the culture, they were more heterogenous, and the samples contained other 

cell types the DC might have interacted with. Co-stimulatory molecules were up-regulated 

by Ctx in both MoDC and in DC isolated from tissue, but their expression on lymph was 

not influenced by Ctx application in vivo . 

However, Ctx may not be the ideal model antigen for studying DC involvement in the gen-

eration of intestinal immune responses. Though it does induce mucosal immunity in a 

number of different species, Ctx alone is certainly not representative of other intestinal 

pathogens. It is a soluble antigen that does not target specific cell types. As only one of 

several toxins and pathogenicity factors of Vibrio cholerae (Levine et al.  1983b), Ctx does 

not replicate, is not invasive, and does not possess typical pathogen-associated molecular 
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patterns. It is possible that during infection with virulent bacteria or viruses, full DC acti-

vation would occur, and that DC in LP and MLN might initiate protective T cell responses. 

As a future perspective, it would be interesting to infect cannulated pigs with porcine spe-

cific intestinal bacteria and to analyse the number, phenotype, as well as maturation and 

activation status of migrating DC.  
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5. Summary 

“Characterisation of porcine intestinal dendritic cell subsets and their  role in mucosal 

immunity using cholera toxin as a model antigen ” 

Dr. med. vet. Diane Bimczok 

 

The intestinal immune system is continuously faced with a large number of antigens. Ade-

quate immune reactions need to be generated to deal with harmless food antigens and 

commensal bacteria on the one hand, and pathogenic bacteria, viruses and parasites on the 

other. For this decision between tolerance and protective immunity, dendritic cells (DC) 

play a key role, since they are able to modulate T cell responses by presenting certain anti-

gens and expressing certain surface molecules and cytokines. In the intestinal immune 

system, DC populations with possibly distinct functions are distributed in different com-

partments: In the intestinal wall, they are localised in the villus lamina propria as well as in 

the subepithelial domes and the T cell regions of the Peyer’s patches; and they can migrate 

from gut wall to mesenteric lymph nodes via the intestinal lymph vessels.  

The aim of this study was the functional and phenotypic characterisation of DC in the por-

cine intestinal immune system, and, based on these results, the description of possible DC 

migration routes. Furthermore, the influence of the strong mucosal antigen cholera toxin 

(Ctx) on porcine DC was investigated. Therefore, migrating DC collected from pseudo-af-

ferent intestinal lymph were compared to DC populations from other localisations. In 

addition to in vivo  application, the effects of Ctx were also studied on cells isolated from 

tissues and on monocyte-derived dendritic cells (MoDC). 

Using flow cytometry and immunofluorescence analysis of histological sections, four dis-

tinct populations of DC were detected in the porcine intestinal immune system: 

CD11R1+/SWC3a+, CD11R1+/SWC3a–, CD11R1–/SWC3a+ and CD11R1–/SWC3a–. Of 

these four, only the two CD11R1+ subsets were also present in pseudo-afferent intestinal 

lymph. DC were mainly CD11R1+/SWC3a+ in the lamina propria, and in the Peyer’s 

patches, DC were largely CD11R1–/SWC3a+ in subepithelial domes and CD11R1–/ 

SWC3a– in T cell areas. In contrast, DC located in T cell areas of mesenteric lymph nodes 

were mostly CD11R1+/SWC3a–. Surprisingly, DC isolated from pseudo-afferent intestinal 

lymph were unable to induce T cell proliferation in vitro , although both the high expres-

sion of co-stimulatory molecules and the low endocytic capacity indicated a mature DC 
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population. No effect of Ctx application on DC migration in lymph could be detected in the 

samples analysed. However, the ratio of SWC3a+ DC to SWC3a– DC in the lamina propria 

was further increased. Cytokine mRNA expression differed between SWC3a+ and SWC3a– 

DC. In vitro,  Ctx caused an up-regulation of co-stimulatory molecules both on DC isolated 

from lamina propria and mesenteric lymph nodes, and on MoDC, indicating enhanced 

maturation. Conversely, Ctx suppressed the expression of MHC molecules on MoDC as 

well as their T cell stimulatory capacity. This effect was possibly mediated by the higher 

IL-10 secretion rate of Ctx-primed DC.  

In conclusion, the distribution of DC subpopulations and the lack of T cell stimulatory ca-

pacity on CD11R1+ DC migrating in lymph indicate that these cell are mainly derived from 

the intestinal lamina propria and that they mediate tolerance under steady state conditions. 

Although Ctx application had few effects on DC in vivo , it seemed to inhibit full matura-

tion of MoDC in vitro , which also resulted in a tolerogenic DC phenotype.  
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6. Zusammenfassung 

“Charakterisierung von Subpopulationen Dendritischer Zellen im Darmimmunsystem 

des Schweines und deren Bedeutung für die mukosale Immunität unter Verwe ndung 

von Choleratoxin als Modellantigen ” 

Dr. med. vet. Diane Bimczok 

 

Das Darmimmunsystem muss sich ständig mit einer großen Anzahl verschiedener Anti-

gene auseinandersetzen. Dabei müssen adäquate Immunreaktionen gegenüber 

Nahrungsantigenen und kommensalen Bakterien einerseits und bakteriellen, viralen und 

parasitären Krankheitserregern andererseits entwickelt werden. Dendritische Zellen (DCs) 

spielen bei dieser Entscheidung zwischen Toleranz und protektiver Immunität eine wich-

tige Rolle, da sie durch Auswahl der zu präsentierenden Antigene sowie durch Expression 

bestimmter Oberflächemoleküle und Zytokine die T-Zellantwort entscheidend steuern 

können. Im Darmimmunsystem sind DC-Populationen mit möglicherweise unterschiedli-

chen Funktionen in mehreren Kompartimenten verteilt: In der Darmwand sind sie in der 

Lamina propria der Zotten sowie in Dome-Arealen und interfollikularen T-Zellregionen 

der Peyer’schen Platten lokalisiert; und über die Lymphwege können sie von der Darm-

wand zu den mesenterialen Lymphknoten wandern. 

Ziel dieser Arbeit war es, DCs in verschiedenen Kompartimenten des Darmimmunsystems 

des Schweins funktionell und phänotypisch zu charakterisieren und auf Grundlage dieser 

Daten mögliche Migrationswege der DCs zu beschreiben. Weiterhin sollte der Einfluss des 

starken mukosalen Antigens Choleratoxin (Ctx) auf DCs des Schweins untersucht werden. 

Dazu wurden migrierende DCs aus der pseudo-afferenten Darmlymphe gewonnen und mit 

DCs aus den anderen Lokalisationen verglichen. Die Wirkungen von Choleratoxin wurden 

außer in vivo  und an aus den Organen isolierten Zellen zusätzlich an aus Blutmonozyten 

generierten DCs (MoDCs) untersucht.  

Mittels Durchflusszytometrie und Immunfluoreszenzhistologie konnten im Darmimmun-

system des Schweines vier unterschiedliche Populationen Dendritischer Zellen dargestellt 

werden: CD11R1+/SWC3a+, CD11R1+/SWC3a–, CD11R1–/SWC3a+ und CD11R1–/ 

SWC3a–. Nur die beiden CD11R1+ Populationen waren auch in der Darmlymphe vorhan-

den. DCs in der Lamina propria waren hauptsächlich CD11R1+/SWC3a+, in den 

Peyer’schen Platten befanden sich zumeist CD11R1–/SWC3a+ Zellen in den Domearealen 
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und CD11R1–/SWC3a–  Zellen in den T-Zellregionen. DCs in den T-Zellregionen der me-

senterialen Lymphknoten hingegen waren größtenteils CD11R1+/SWC3a–. Überraschen-

derweise konnten die migrierenden DCs in der Darmlymphe keine T-Zellproliferation in-

duzieren, obwohl die hohe Expression co-stimulatorischer Moleküle und die nur geringe 

Phagozytosefähigkeit auf eine reife Zellpopulation hindeuten. In den Untersuchungszeit-

räumen hatte Ctx keinen Einfluss auf die DC-Migrationsrate in der Lymphe, konnte aber 

das Verhältnis von SWC3a+ gegenüber SWC3a– DCs in der Lamina propria noch weiter 

erhöhen. SWC3a+ und SWC3a– DCs wiesen unterschiedliche Zytokinmuster auf. In vitro  

konnte das starke mukosale Antigen Ctx eine erhöhte Expression co-stimulatorischer Mo-

leküle auf DCs der Lamina propria und des mesenterialen Lymphknotens sowie auf 

MoDCs induzieren, was auf eine vermehrte Reifung der Zellen hindeutet. Die Expression 

von MHC-Molekülen sowie die Fähigkeit zur T-Zellstimulation wurde durch Zugabe von 

Ctx zu den MoDC-Kulturen jedoch deutlich supprimiert. Vermutlich wurde dieser Effekt 

durch die verstärkte IL-10 Sekretion der MoDC nach Ctx-Stmulation vermittelt.  

Insgesamt deuten die Verteilung der DC-Subpopulationen und die mangelnde Fähigkeit, 

T-Zellproliferation zu induzieren, darauf hin, dass die in der Lymphe migrierenden 

CD11R1+ DCs hauptsächlich der Lamina propria entstammen, und dass diese Zellen beim 

gesunden Tier Toleranz vermitteln. Nach Ctx-Applikation konnten in vivo  nur geringe Ef-

fekte beobachtet werde, in vitro  führte Ctx zu einer gestörten Reifung der MoDCs, die 

dadurch ebenfalls einen tolerogenen Phänotyp entwickelten.  
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8. Appendix 

8.1 Buffers and Solutions 

 

Antibody  

dilution 

buffer 

 for antibody dilution and washing (FACS)  

 

PBS 

BSA 10  g/l 

Na-azide 1 g/l 

pH 7.4 

 

 

  

 

 

Serva 

Anti-clotting 

buffer 

 for cytospin preparations  

 

Aqua bidest.  

NaCl 8.8 g/l 

EDTA 0.99 g/l 

BSA 50 g/l 

pH 7.2 

 

 

  

Collagenase 

solution 

 for tissue digestion  

 

RPMI 1640 

FCS 5 % v/v 

Hepes 4.76 g/l 

Collagenase A 3.3 U/ml  

DNAse I, grade II 0.1  g/l 

Trypsine-Inhibitor  0.1 g/l 

100 x Penicillin-Streptomycin 1 % v/v 

Gentamycin  20 mg/l 

 

 

  

 

Seromed 

Seromed 

Seromed 

Roche 

Roche 

Sigma 

Seromed 

Seromed 
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DNAse  

solution  

 for washing after collagenase digestion  

 

RPMI 1640 

FCS 5 % v/v 

Hepes 4.76 g/l 

DNAse I, grade II 0.1  g/l 

100 x Penicillin-Streptomycin 1 % v/v 

Gentamycin  20 mg/l 

Amphotericin 0.5 mg/l 

 

 

  

 

Seromed 

Seromed 

Seromed 

Roche 

Seromed 

Seromed 

Seromed 

Fast Blue  

solution  

 for immunocytochemistry  

 

Tris buffer, 0.1 M 

Naphthol-AS-MX-phosphate 0.2 g/l 

N,N-Dimethylformamide 2  % v/v 

Levamisole 0.1 % v/v 

Fast Blue (add before use) 0.5 g/l 

 

 

  

 

 

Sigma 

Fluka 

Sigma 

Sigma 

Hanks-

EDTA 

 for removal of intestinal epithelium  

 

Hanks buffered salt solution, Ca2+ and Mg2+ free  

DL-Dithiotreitol 0.145  g/l 

EDTA 0.74 g/l 

100 x Penicillin-Streptomycin 1 % v/v 

Gentamycine  20 mg/l 

 

 

 

  

 

Seromed 

Sigma 

 

Seromed 

Seromed 

MACS-

buffer 

 for magnetic cell separation  

 

PBS 

BSA 5 g/l 

EDTA 0.74 g/l 

degas buffer before use 

 

 

  

 

 

Serva 
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TBS-Tween  for immunohistology  

 

Aqua bidest. 

Tris-base 60.57 g/l 

NaCl 86.1 g/l 

Tween-20 0.05  % v/v 

 

 

  

Tris buffer 

 0.1 M 

 Aqua bidest. 

Tris-HCl 12.1 g/l 

Tris-base 2.8 g/l 

NaOH 10N 

pH 8.2 

  

 

Suppliers: 

 Fluka, Buchs, Switzerland 

 Roche, Mannheim, Germany 

Seromed Biochrom KG, Berlin, Germany 

 Serva Electrophoresis GmbH, Heidelberg, Germany  

 Sigma, Taufkirchen, Germany 

 

8.2 Microscopes and Fluorescence Filters 

 

Axioplan 2 (Carl Zeiss AG, Oberkochen, Germany)  

 

Excitation (nm) Emission (nm) Fluorochromes 

359 – 371 397 (long pass) AMCA, DAPI 

450 – 490 515 (long pass) FITC 

450 – 490 515 – 565 FITC 

540 – 552 590 (long pass) TXRD, Cy3™ 
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DMRE7 (Leic a, Bensheim, Germany)  

 

Excitation (nm) Emission (nm) Fluorochromes 

340 – 380 450 – 490 AMCA, DAPI 

460 – 500 512 – 542 FITC 

540 – 552 580 – 620 TXRD, Cy3™ 

 

8.3 ImageJ Macros  

8.3.1 Multiple colour backgrounds 

image = getImageID(); selectImage(image); info = getInfo();  
 
if (indexOf(info, "RGB") >1) { 
 getLine(x1,y1,x2,y2,width); 
 run("RGB Split"); 
 run("Convert Images to Stack"); 
 makeLine(x1,y1,x2,y2);} 
 
Greyscales = 255; if (indexOf(info, "pixel: 16")>1) {Grey-
scales = 65535;} 
 
setLineWidth(1); 
getLine(startx, starty, endx, endy, temp); 
stack = getImageID(); 
 
selectImage(stack); slices = nSlices(); 
 
for (i =0; i<slices; i++) { 
 selectImage(stack); 
 slice = "slice="+(i+1); 
 run("Set Slice...", slice); 
 ydata = getProfile(); 
         Plot.create(slice, "pixels", "intensity"); 
         Plot.setLimits(0, ydata.length, 0, Greyscales); 
         Plot.setLineWidth(1); 
 Plot.setColor("red"); 
 Plot.add("line", ydata); 
 Plot.show(); 
 } 
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8.3.2 Multiple colours 

// Generic multiple colour analysis macro 
// Analyses a series of greyscale slices in a stack, each 
corresponding to a colour 
// Limitations as a result of 
// 1. No 'power of' function (e.g. ^ or **) 
// 2. Measuring a composite ROI only gives a line length, not 
an area 
// 3. Composite ROIs can't be transferred either by 'Restore 
selection' or by 'makeSelection()' 
 
//Set threshold values for each colour (each slice); 
Threshold = newArray(6); 
 
Threshold[1] = 24000; 
Threshold[2] = 30000; 
Threshold[3] = 9000; 
Threshold[4] = 30; 
Threshold[5] = 24; 
 
image = getImageID(); selectImage(image); info = getInfo();  
if (indexOf(info, "RGB") >1) { 
 run("RGB Split"); 
 run("Convert Images to Stack"); 
 exit("Draw your ROI and rerun the macro");} 

stack = getImageID(); selectImage(stack); slices = nSlices(); 
results = newArray(pow(2, slices)); 
Greyscales = 255; if (indexOf(info, "pixel: 16")>1) {Grey-
scales = 65535;} 
//run("Measure"); 
 
for (i =0; i<slices; i++) { 
 selectImage(stack); 
 slice = "slice="+(i+1); 
 run("Set Slice...", slice); run("Clear Outside", 
"slice"); 
 changeValues(0,Threshold[i+1],0); changeVal-
ues((Threshold[i+1]+1),Greyscales,pow(2,i));} 
 
run("Z Project...", "start=1 stop=5 projection='Sum 
Slices'"); sum = getImageID(); 
selectImage(stack); 
selectImage(sum); 
run("Restore Selection"); 
 
run("Histogram", "number=" + pow(2,slices) + "  histo-
gram_min=0 histogram_max=" + pow(2,slices)); 
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8.3.3 3 colour LUT 

setPixel(0,0,7);resetMinAndMax(); 
blues=newArray(0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 
0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 
0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 
0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 
0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 
0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 
0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 255, 255, 255, 255, 
255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 
255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 
255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 
255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 
255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 
255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 
255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 
255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 
255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 
255, 255, 255, 255, 255, 255, 255, 255) 
greens=newArray(0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 
0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 
0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 
0, 0, 0, 0, 0, 0, 0, 0, 0, 255, 255, 255, 255, 255, 255, 255, 
255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 
255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 
255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 
255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 
255, 255, 255, 255, 255, 255, 255, 255, 255, 0, 0, 0, 0, 0, 
0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 
0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 
0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 255, 
255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 
255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 
255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 
255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 
255, 255, 255, 255, 255, 255, 255) 
reds=newArray(0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 
0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 255, 255, 
255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 
255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 
255, 255, 255, 255, 255, 255, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 
0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 
0, 0, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 
255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 
255, 255, 255, 255, 255, 255, 255, 255, 255, 0, 0, 0, 0, 0, 
0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 
0, 0, 0, 0, 0, 0, 0, 255, 255, 255, 255, 255, 255, 255, 255, 
255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 
255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 
0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 
0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 255, 255, 255, 255, 255, 
255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 255, 
255, 255, 255, 255, 255, 255, 255) setLut(reds,greens,blues); 
 run("RGB Color");
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