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Abstract 

During the course of this thesis factors mediating successful oral vaccination with lipid-

encapsulated Mycobacterium bovis BCG were examined. Mice were fed 2x10
7 
CFU BCG 

encapsulated into a lipid matrix to prevent destruction by the gastrointestinal tract and to 

allow passage through the gut epithelia. In order to trace the vaccine following oral 

vaccination, mice were sacrificed at various time points ranging from 6 hours to 8 weeks 

post vaccination, and macerated lymphatic and non-lymphatic organs plated on solid 

agar. Initially, BCG was distributed widely in lymphatic and non-lymphatic organs, 

however, BCG was cleared quickly from most organs and formed small populations of 

less than 500 CFU/mouse in the mesenteric and cervical lymph nodes, as well as the 

Peyer’s patches 8 weeks post vaccination. Immuno-histochemistry and confocal 

microscopy, showed that BCG was absent from the follicles, but instead resided in the T 

cell containing intra-follicular areas. Very rarely BCG was associated with small CD11b
+
 

cells that did not resemble typical macrophages and lacked peroxidase activity. Instead 

the majority of BCG could be found forming extracellular groups of 1-4 rods. This was 

confirmed using cell sorting of leukocytes isolated from alimentary tract lymphatics of 

orally vaccinated mice and only showed a minority of BCG to be associated with CD11c
+
 

cells. Therefore, BCG is absent from typical antigen presenting cells, but instead might 

reside in CD11c
+
CD11b

+
 myeloid DC. Additionally, Ziehl-Neelsen staining revealed 

groups of intracellular coccoid forms of BCG. These were located toward the sub-

capsular space of draining lymph nodes where they were associated with sub-capsular 

macrophages. Interestingly, cocci proved to be non-platable using solid agar but instead 

required resuscitation in liquid media and therefore might resemble a form of dormancy.  

The presence of extracellular rods and intracellular cocci in non-professional antigen 

presenting cells might highlight the importance of secreted factors as an antigen source 

promoting successful activation of the immune system. Following oral vaccination, IFN-γ 

producing cells almost exclusively resided in the spleen. In order to characterize these 

cells, splenocytes of orally vaccinated mice were isolated 6 weeks post vaccination on the 

basis of surface marker expression using fluorescence activated cell sorting (FACS). 

Antigen-specific release of IFN-γ was monitored using ELISA and ELISpot assays and 

IFN-γ producing T cells were characterized as T effector memory cells expressing CD44, 
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but not CD62L and lacked the expression of mucosal homing markers such as CD103 or 

α4β7. In addition, Lincoplex assays revealed the production of IL-17 by splenocytes. 

These did not express CD4
+
 but rather the γδ T cell receptor. Together these results show 

that antigen reservoirs of BCG present in the draining lymphatics contain small numbers 

of typical filamentous BCG. A larger population of coccoid forms leaves open the 

possibility that coccoid forms are a major source of antigen for the stimulation of T cells. 

Although typical CD11c
+
 APC isolated from the lymphatic tissue of immunized mice did 

not appear capable of stimulating, T cells responses were nevertheless effectively induced 

by oral vaccination and shown to be IFN-γ producing TEM residing in the spleen but 

lacking expression of mucosal homing markers. 
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Chapter 1: Introduction into the immune system 
 

The immune system is composed of different layers, all designed to protect the body from 

harmful microorganisms and agents. The skin serves as a barrier against the invasion of 

the majority of pathogens, however, this barrier can be easily breached and various 

microbes can invade the body, through cuts and also enter the body with food or be 

carried along the airways. Apart from physical barriers as the skin or chemical barriers 

such as molecules in the tears, the immune system can further be divided into two 

categories, the innate and the acquired immunity.  

 

Innate immune system 

The innate immune system is activated quickly and is relatively non-specific. This system 

includes the production of antimicrobial peptides, which can be found in various multi-

cellular organisms including invertebrates, vertebrates and plants. One of the main 

challenges of the immune system is the ability to differentiate between self-antigen and 

foreign tissues and molecules. Additionally, the right kind of immune response needs to 

be activated for a given class of pathogen.  

 

Pattern recognition receptors (PRR) recognize conserved pathogen-associated molecular 

patterns (PAMPS), which are widely distributed amongst microorganisms (1). Members 

of the PRR family include the Toll-like receptors (TLR) and recognize many different 

PAMPs (2) that are expressed on immune and non-immune cells (3,4).  

The Toll-like receptor are homologues to the Toll receptor family in Drosophila (5). 

Originally, Toll was described as playing a role in the dorsal-ventral patterning in 

Drosophila development (6). Later, Lemaitre et al. (7) showed that it is involved in the 

anti-fungal defense in Drosophila. Triggering of Toll receptor in Drosophila by certain 

pathogens, such as fungi and gram negative bacteria, leads to the release of antimicrobial 

peptides specific for this class of pathogen (8). 

There are at least eleven different TLRs in mammals (9). TLRs can be expressed as 

homo-dimers or hetero-dimers and are found both on the cell surface and in endosomal 
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compartments (10,9). Different types of microbial antigen activate different TLRs, for 

example TLR4 is triggered via the presence of lipopolysaccharide (LPS) a component of 

gram-negative bacteria (11). Lipoproteins of Mycobacterium tuberculosis on the other 

hand trigger TLR2 (12). Additionally, CpG motifs that are common in viral and bacterial 

DNA are recognized by the intracellular TLR9 (13). 

 

TLR consist of an extracellular domain, involved in recognition of PAMPS, a 

transmembrane domain and a cytoplasmic Toll/IL-1R homology (TIR) domain, that is 

involved in signal transduction (2). According to the molecular pattern, different TLR 

signal cascades are triggered resulting in the activation of nuclear factors, including 

NFκB and AP-1 (14,15). This results in maturation of DC, cytokine production and 

release of antimicrobial peptides (16,17,18).  

 

An example of antimicrobial peptides are defensins that insert pores into the cell 

membrane of bacteria and fungi (19,20). Other antimicrobial peptides can cross the cell 

envelope and work intracellular, for example pyrrhocoricin binds the bacterial heat shock 

protein DnaK (21).  

 

Another important member of the innate immune system is the family of soluble plasma 

proteins termed complement, synthesized by the liver. Complement involves different 

mechanisms to destroy microbes. This includes opsonisation, lysis, and initiation of 

inflammatory response. Complement can be activated via the interaction of C1 with 

antibody such as IgG or IgM or antibody-independent via direct interaction of C1q with 

bacteria or viruses (22). Activation of complement leads to formation of opsonins such as 

C3b and iC3b (23), which are important for efficient bactericidal activity mediated by 

neutrophils (24). Complement activation also leads to the formation of a membrane attack 

complex (MAC) which results in the disruption of the microbial membrane (22). 

Molecules generated during the complement cascade function as proinflammatory 

molecules, for example C5a, C4a and C3a (22,25). 
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Adaptive immunity 

The activation of the adaptive immunity results in the production of very specific 

molecules such as antibodies and the T cell receptor (TCR) which can recognize myriads 

of antigens. In theory, a specific TCR or antibody can be created against any naturally or 

man-made antigen (26). This high variation is due to V(D)J arrangements during the 

formation of antibodies and T cell receptors (26,27). The adaptive immunity arose 

abruptly with the appearance of jawed fish, that possess lymphoid tissues and B and T 

cells (28). According to the ‘immunological Big Bang’ the adaptive response is linked to 

a single event of a transposon integrating into a gene that might have coded for a cell 

surface receptor (28,29). Generally, the transposon sequence includes a protein called 

transponase as well as the transponase recognition sequence. Over time the transponase 

gene got separated from its recognition sequence and developed into the recombinase 

proteins RAG1 and RAG2 that catalyze the reassembly of V(D)J genes. Various findings 

have supported this idea; Dreyfus et al. (30) showed that the recombination signal 

sequences (RSS) flanking V and J genes are similar to the inverted repeats that can be 

found at the end of the invertebrate Tc1 transposon. Additionally, Agrawal et al. (31) 

observed that transposon reactions mediated by RAG1 and RAG2 are similar to those 

mediated by other transponases. Interestingly, distinct lineages of lymphocyte-like cells 

have been recently described in lamprey a member of jawless vertebrates. Guo et al. (32) 

showed that lamprey have cells expressing variable lymphocyte receptor (VLRA and 

VLRB). While VLRA is anchored in the cell membrane and might form a cellular 

adaptive response, VLRB can be released by the cell and might resemble a humoral 

response. Therefore, compartmentalization of the immune system does not seem to be a 

feature of jawed vertebrates only.  

 

Lymphoid tissue 

Lymphoid tissue can be divided into primary or secondary lymphatic tissues. The primary 

lymphatic tissue includes sites where lymphatic cells are produced from stem cells and 

mature. This includes the bone marrow and the thymus. The bone marrow contains 

haemapoetic stem cells (HSC), that are the progenitors of all lymphocyte populations 
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(33). Some HSC that differentiate into T cell precursors migrate to the thymus where they 

undergo maturation into mature T cells (34,35). However, some T cells also develop 

without a thymus as they were found in irradiated nude mice lacking a thymus (36). 

Others have suggested that this extra-thymical development might take place in the bone 

marrow (37) or the gut (38, 39).  

 

The secondary lymphatics include the mucosal lymphoid tissues, the lymph nodes and the 

spleen, which are inductive sites of the primary immune response (40).  

 

Lymph nodes 

Lymph nodes perform a number of important functions in the immune system (see figure 

1.1 for overview). First, they function as a sampling site for free antigen or antigen 

carried by antigen presenting cells (APC) such as dendritic cells (DC). Antigen and APC 

enter the lymph node together with the lymph through the afferent lymphatic vessel, 

which collects the extracellular fluid from the tissues. 

Second, naïve lymphocytes enter the lymph node in the blood via the high endothelial 

venules (HEV) (41,42). They frequently circulate through the lymph nodes in order to 

interact with antigen and antigen-laden APC (43).  

Interaction of naïve T cell with antigen in the lymph nodes results in activation of T cells 

and their differentiation into effector T cells. See later in ho ming to the gut section. 

However, naïve T cells interacting with antigen in the absence of the appropriate co-

stimulatory signals may become tolerant or undergo apoptosis essential for the 

maintenance of self tolerance in the avoidance of autoimmunity (44). Naïve T cells that 

migrated into the lymph node but have not come into contact with their cognate antigen, 

exit in the lymph through the efferent lymphatic vessels (43). Third, lymph nodes play 

and important role in the activation of re-circulating memory cells (45).  

 

Anatomically, the lymph node can be divided into the cortex and the medulla. The cortex 

contains the B cell area, consisting of the primary follicles, which contain germinal 

centers following antigen challenge and activation. The paracortex, also referred to as the 
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‘T cell area’, surrounds the follicles and contains T cells and DCs. Circulating 

lymphocytes enter the lymph nodes in the paracortex and this is also the region of 

interaction between T cells and DC (41,46). The medulla on the other hand contains 

macrophages, plasma cells and memory T cells (47). The lymph node is surrounded by a 

capsule and lymph from the afferent lymphatics enters through the sub-capsular sinus. 

From here the lymph drains to the HEV through the fibroblastic reticular cell (FRC) 

conduit or towards the hilus in the medulla through the trabecular sinus that merges with 

the medullary sinus (48,49,47) The sub-capsular sinus also contains macrophages and 

CD11b
+
 DC, which filter the lymph and collect antigen which they can present to B and 

T cells (50). 

 

 

 

 

 

 

 

 

 

Figure 1.1: General structure of a lymph node. 

The Spleen 

The spleen is the largest secondary lymphoid tissue and harbors up to 25 % of all mature 

lymphocytes (51). It consists of a capsule and the red and white pulp which are separated 

by the marginal zone (52,53). Unlike lymph nodes the spleen lacks high endothelial 

venules (HEV) and afferent lymphatic vessels. Antigen enters through the splenic artery, 

at the hilus and is distributed in the spleen via the trabecular arteries lying in the trabecula 
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and finally entering the white pulp through the central arterioles (51,52). The central 

arterioles are surrounded by a T cell area called the periarteriolar lymphoid sheath 

(PALS) (51).  

The central arterioles are surrounded by the PALS, which can be divided into the inner 

PALS containing mainly CD4
+
 T cells, however, CD8

+
 T cells, B cells and DC cells 

might also be present (54,51). The outer PALS contains T and B cells and following 

activation as plasma cells (55).  

The follicles contain mostly B cells, but also contain follicular DC and some CD4
+
 T 

cells at the margins, however, CD8
+
 T cells are largely absent (54). The centre of the 

follicles harbors larger lymphocytes with smaller lymphocytes surrounding them for 

ming a mantle zone (54).  

Finally the marginal zone forms a barrier between the red pulp and the PALS and 

follicles. It is itself separated from the PALS and follicles by the marginal sinus and the 

marginal zone metallophilic macrophages (53). Additionally, the marginal zone is 

populated by DC and specific B cells (53) and is important during processing of antigen 

(53). Antigen-dependent activation and maturation of B cells and T cells occurs in the 

white pulp (51). The red pulp acts as a filter for effete erythrocytes and harbors 

macrophages and plasma cells (51), and in some animals such as the dog it can function 

as a storage organ for erythrocytes (52,54) and in all mammals it stores iron and platelets 

(54). 

Mucosal-associated lymphoid tissue 

The mucosal-associated lymphoid tissue (MALT) consists of the gut-associated 

lymphatic tissue (GALT), the bronchus-associated lymphatic tissue (BALT), which is 

associated with the lung, and the nasal-associated lymphatic tissue (NALT) which is the 

first contact site for inhaled antigen (56). Additional members of the MALT are the duct-

associated lymphoid tissues (DALT), which is accessible to oral antigens via retrograde 

passage through the minor salivary glands (57), and the conjunctiva-associated lymphoid 

tissue (CALT), which is present in the eye (58,59). 

The MALT forms a barrier against pathogens and also induces an immune response after 

antigen stimulation which leads to differentiation and proliferation of lymphocytes that 
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then enter the bloodstream (60,61,62,63,64,64,65). GALT plays the most important role 

in the immune response to oral antigens and is located in the proximal small intestine 

which is the place of predominant protein absorption (66) rather than in the large intestine 

where gut microbiota is prominent. It consists of the intestinal lamina propria, the Peyer’s 

patches and the mesenteric lymph nodes (56). Additionally, GALT contains the largest 

pool of immune-competent cells in the human body, making up around 60 % of all 

peripheral lymphocytes (67). 

 

The gut flora has a big influence on the development of the immune system, especially 

the GALT, as germ-free animals have low numbers of lymphocytes in the gut mucosa 

(68), low concentrations of circulating immunoglobulins (69) and fewer and smaller 

specialized structures such as follicles, compared to animals with a normal gut flora (70). 

As soon as the animals are exposed to gut bacteria, the immune system develops, as 

visualized by the expansion of intraepithelial lymphocytes (71,72), immunoglobulin 

producing cells arise quickly in the follicles and the lamina propria (73) which also leads 

to an increase of immunoglobulin in the blood (69). The interactions between gut bacteria 

and the GALT also assist the formation of a systemic immunity and memory responses 

(74).  

Mesenteric lymph nodes 

The biggest accumulation of lymph nodes are the chain of mesenteric lymph nodes 

(mesLN) found in the GALT, which drain the small intestine (75). Living commensal 

bacteria enter the Peyer’s patches and are taken up by DC, which transport them no 

further than to the mesLN (76). Any bacteria escaping from dying DC are eliminated by 

macrophages (Mo). Thus, mesLN form a physical barrier for bacteria laden DC. 

Restriction of DC loaded with commensals to the mesenteric lymph nodes results in the 

induction of  mucosal, but not systemic immunity (40). Additionally, Macpherson et al. 

(77) showed, that bacteria can enter the blood stream in mice with surgically removed 

mesenteric lymph nodes, which can lead to massive splenomegaly.  
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Peyer’s patches 

Another specialized lymphoid tissue of the gut is the Peyer’s patches (P.P.) lining the gut 

wall. They lack afferent lymphatics and acquire antigen from specialized epithelium that 

overlies the Peyer’s patches, and transports  antigen from the lumen to the lymphoid areas 

(78). 

Figure 1.2: Anatomy of Peyer’s patches. FAE: follicle-associated epithelium, SED: sub-

epithelial dome.  

 

The Peyer’s patches of mice contain about 10 follicles (79) (see figure 1.2 for an 

overview). Each follicle is composed of the follicle associated epithelium (FAE), the sub-

epithelial dome (SED), the follicular and para-follicular area (80) and the germinal centre 

which forms the basal portion of the follicle (81,82). 

The dome area contains immune effector cells (83): IgA producing cells as well as many 

IgG
+ 
cells (84). The germinal centre contains proliferating B cells, visible as a light zone. 

In addition, Peyer’s patches contain a dark zone and a mantle zone full of follicular Dc 

(59). The germinal centre also harbors CD11c
+
 DC which are more potent activators of T 

cells (85); therefore DC may carry antigen into the germinal centre and present it to naïve 

and memory T cells (86,87). The inter-follicular area is rich in T cells and high 
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endothelial venules (81,88,89). Peyer’s patches form the inductive site of the immune 

response (78) and play an important role during oral tolerance. 

 

Lamina propria 

The layer between the muscularis mucosa and the epithelium is called the lamina propria 

(78) and contains large numbers of lymphocytes such as T cells, macrophages and DC. 

Antigen that has crossed the epithelial layer is presented by DC to CD4
+
 T cells. 

The lamina propria contains plasma cells, CD3
+ 
T cells, which are mostly CD4

+
 and 

lymphomyeloid cells (67). Plasma cells in the lamina propria produce mainly 

immunoglobulin isotype IgA (90,91) and to a lesser account IgM and IgG (91,78). 

Secretory IgA (sIgA) binds to bacteria and interaction with FcαR (CD89), which is 

expressed on phagocytes such as neutrophils, macrophages and DC (92). CD89 ligation 

leads to phagocytosis, respiratory burst and release of cytokines to enhance the clearance 

of bacteria (92). However, Heystek et al. (93) showed that sIgA was internalized by 

monocyte-derived DC in presence of anti-CD89 antibody. This suggests that sIgA is also 

able to bind to other receptors than CD89 on these cells. IgA is secreted in vast amounts; 

it is estimated that about 3g of IgA is secreted every day by humans (94) both in mucosal 

secretions and serum (95). IgA is induced by commensal bacteria (77), and most bacteria 

in human feces are covered with IgA antibodies (96).   

T cells of the lamina propria are non-dividing and mainly express CD4, αβ-TCR (8,63), 

α4β7, and some CD25 and FasL (97,98,99,100). Additionally, Guo et al. (101) presented 

evidence that CD4
+
CD25

+
 T cells in the lamina propria of small intestine express Foxp3 

and are of an effector/memory phenotype characterized by CD44
hi
CD45RB

lo
CD62L

-
.   

Homing of leukocytes to the gut 

During infection leukocytes have to be able to migrate from the blood or to the infection 

site in order to exert their effector functions. The process of homing involves the 

interaction of  a number of molecules called integrins, selectins and chemokines with 

their receptors (102). 
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Selectins can be divided into several groups, including L (leukocyte)-selectins, E 

(endothelial cell)-selectin and P (platelet and endothelial cell)-selectin (103). L-selectin is 

expressed by myeloid cells, naïve T cells and some activated and memory T cells; its 

ligand is peripheral node addressin (PNAd). E-selectin is expressed by acutely inflamed 

endothelial cells in most organs and by non-inflamed skin micro-vessels. Finally, P-

selectin is expressed on the cell surface after activation and inflammation (103). 

 

Integrins mediate adhesion of leukocytes to the endothelium through the interaction of 

leukocyte molecules with their ligands expressed on endothelial cells. β1 integrins pair 

with α subunits to form heterodimers which are expressed by many cell types and 

regulate survival, proliferation and cell adhesion (104). Examples for integrins are αLβ2, 

αMβ2 and α4β7 their ligands being MAdCAM-1, VCAM-1 and ICAM-2 respectively 

(105).  

Different combinations of integrins and selectins with their receptors promote entry of 

cells into different tissues. For example the L-selectin CD62L supports tethering and 

rolling, which allow the entry of these cells into the peripheral lymph node via interaction 

of CD62L with its ligand peripheral node addressin (PNAd) expressed by the HEV 

(106,107,108,109,110,111). Additionally, entry of naïve T cells into peripheral lymph 

nodes requires interaction of CCR7 with its ligand CCL21 expressed on HEV as well as 

the interaction of the adhesion molecules LFA-1 and ICAM-1 (112). 

 

The interaction between α4β7 or β7 with the receptor MAdCAM-1 (113,114), promotes ho 

ming to the GALT (115). MAdCAM-1 is expressed in the HEV of Peyer’s patches 

(116,117) and by endothelial cells in the la mina propria of small intestines (113,114) and 

colon (118). This integrin combination promotes the entry of naïve and effector T cells 

(118)  into the small intestines, but not to liver, lung and skin as experiments with anti-α4, 

anti-β7 and anti-α4β7 neutralizing antibodies have shown (119). More specifically, entry 

of cells into mesenteric lymph nodes and Peyer’s patches is dependent on α4β7 (120,115). 

Entry of effector CD4
+ 
T cells into the lamina propria of the small intestine requires 

expression of CCR9 (114) on a subset of α4β7
+
, small intestinal T cells and colonic T 

cells. CCR9 binds to its receptor CCL25 which is expressed by cells of the small 
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intestine. Homing to the large intestine involves expression of α4β7 and α4β1 but not 

CCR9 (121).  

Another important integrin, αE  (CD103) is expressed by the majority of naïve CD8
+ 
T 

cells (122). Interestingly, CD103 is also expressed by the majority of DC in the lamina 

propria of the small intestine and is present on  about 40 % of the DC in the mesenteric 

lymph node, as well as on the CD8αα
+  
subset of splenic DC (123,124). CD103

+ 
DC from 

the gut induce expression of CCR9 on CD4
+ 
T cells and CD8

+ 
T cells (124,125) and of 

α4β7 on CD8
+ 
T cells (124). However, both CD103

+
 DC as well as CD103

-
 DC induce the 

expression of α4β7 on CD4
+ 
T cells (126,127). αEβ7 is expressed by small intestinal intra-

epithelial lymphocytes (IEL) and by a minority of T cells residing in the lamina propria 

(128,129) and binds to E-cadherin (130) therefore mediating IEL adhesion to epithelial 

cells.  

 

Cells of the immune system 

Dendritic cells 

Dendritic cells (DC) are found in non-lymphoid organs and the T cell areas of secondary 

lymphoid organs (86). DC express the marker molecule CD11c (86), however, this 

molecule is also expressed on monocytes, intra-epithelial lymphocytes (IEL) and 

activated CD8
+
 T cells (131). Immature DC are present in most tissues, and act as 

sentinel for antigen, such as pathogens or infected cells. They are very capable of taking 

up antigens via phagocytosis (132,133,134,135), macropinocytosis (136) and endocytosis 

which is mediated by certain receptors such as the macrophage mannose receptor (136), 

DEC-205 (137) and  Fcγ and Fcε (138). On the other hand they are weak T cell 

stimulators and mature DC have been described as being the only cell able to successfully 

stimulate T cells (86). This is further underlined by a study conducted by Schuler et al. 

(139). Fresh Langerhans cells were poor activators of T cell proliferation, however, this 

ability increased over time and after 2-3 days; Langerhans cells were more potent than 

DC to induce T cell proliferation. This observation suggests that Langerhans cells need to 

mature to display successful T cell activation.  
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The uptake of microbial antigen induces maturation of immature DCs, which leads to the 

expression of co-stimulatory molecules that facilitates interactions with T cells, such as 

LFA-3/CD58, ICAM-1/CD54, B7-2/CD86 (140,141). Molecules expressed on DC such 

as CD40 (142) lead to up-regulation of CD80 and CD86 (142), IL-12 secretion (143,144) 

and release of chemokines such as IL-8, MIP-1β and  MIP-1α by T cells
 
(142). Another 

molecule expressed on mature DC is TRANCE/RANK a member of the TNF receptor 

family (145,146). It interacts with proteins expressed on activated and memory T cells, 

which leads to activation and also increased survival of DC (142,145). Furthermore, 

ICAM-1 which binds LFA-1 on T cells has been described to be important for T cell 

activation, however, studies conducted by Starling et al. (147) showed the addition of 

anti-ICAM-1 and anti-ICAM-2 did not inhibit T cell stimulation by DC. Instead ICAM-3 

has been discussed to be the main molecule interacting with LFA-1 and promoting 

activation, whereas, ICAM-1 and ICAM-2 might be important later during activation or 

play a role in migration. Additionally, McLellan et al. (148) showed that CD86 is 

upregulated quickly on maturating DC compared to CD80 and that adding anti-CD86 

antibody but not anti-CD80 antibody, prevents T cell activation by DC, underlining a 

crucial role of CD86. Many factors promote DC maturation, examples are whole bacteria 

(149), LPS (138) which is a component of the gram negative bacterial cell wall and 

cytokines such as IL-1, GM-CSF and TNFα, however, other cytokines like IL-10, block 

DC maturation (150). Additionally, DC can be activated independently of TLR-triggering 

by antigen such as mineral salts (151) or debris from apoptotic cells (152) also, 

lymphocytes including natural killer cells have been reported to activate DC (153).  

During maturation, ingested antigen is processed in two different ways depending on its 

source. Phagocytosed antigen leads to processing in acidic, protease rich vesicles and 

presentation of its peptides on MHC class II molecules, which stimulates CD4
+
 T helper 

cells. However, if a cell is infected by a virus, proteins of the replicating virus will be 

processed in the proteasome, peptides transported to the endoplasmatic reticulum and 

loaded onto MHC class I molecules. MHC class I containing bound a peptide leaves the 

endoplasmic reticulum via vesicular transport and is then integrated into the cell 

membrane. Presentation of peptide antigen on surface MHC class I molecules leads to 
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activation and differentiation of CD8
+ 
T cells, which are able to kill virus-infected cells or 

tumor cells.  

DC are also able to cross-present exogenous antigen on MHC class I molecules which 

leads to activation of CD8
+
 T cells. This property of antigen presenting cells was first 

observed by Bevan et al. (154) who noted presentation of graft-derived, minor 

histocompatibility antigens by host APC. During cross-presentation, exogeneous antigen 

is acquired by antigen presenting cells, processed and presented on MHC class I 

molecules (155). Two mechanisms have been proposed to explain the procession of 

exogenous antigen. In the endosomal model, exogenous antigen accumulates in the 

endosome, where it is processed and loaded on MHC class I molecules (156), which are 

present in endosomes has been shown earlier (157,158). According to the second model, 

named cytosolic pathway, exogenous antigen is endocytosed and leaks into the cytoplasm 

where it is processed by the proteasome (159, 160). Experiments using OVA showed that 

DC and not macrophages promote cross-presentation (161) and similar, Albert et al. 

(162) showed that human DC, but not macrophages, acquire antigen from apoptotic cells 

and present it to CD8
+ 
T cells. Cross-presentation has also been shown for bacteria and 

viruses particularly those that may not directly infect antigen presenting cells 

(163,164,165), tumors (166) and also self-tissue (167) which might play an important role 

in immune tolerance.  

Furthermore, DC have been shown to be able to prime T cells in vitro to various foreign 

antigens, including bacteria (132,133) tumors (168,169,170,171), auto- and alloantigens 

and super-antigens (172). DC are also able to activate T cells when MHC molecules 

mismatch as can be seen in mixed leukocyte reaction ( MLR) (86). During maturation, 

DC begin their migration from the source of antigen to the T cell areas of  secondary 

lymphoid organs (86) such as the spleen and the lymph nodes, where they come into 

contact with T cells  (173,174,175,176). This has been shown in vitro using skin explants 

in culture media (177,178). Additionally, migration has been shown in vivo, DC started to 

migrate to T cell areas after they came into contact with extracts of T. gondii or LPS in 

the spleen (179). In secondary lymphatic organs, DC complete their maturation (180), 

release chemokines to attract T cells and B cells (181) and promote viability of 

circulating T cells (182). As soon as a DC has matured, it shows reduced ability to take 
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up antigen. This is promoted for example by ceramide, which is induced by maturation 

signals (183). 

 

DC are mobilized very quickly as experiments with injected LPS have shown. Following 

injection, DC move from the skin, heart, kidney and intestines into T cell areas (176,184), 

additionally, mature DC migrate from the marginal zone into the T cell zone of the spleen 

(185). Many chemokines and cytokines seem to influence the movement of DC like GM-

CSF, TNF-α, IL-1, MIP1-α,β but also transmembrane receptors coupled to G protein and 

the complement molecule C5a (186,187).  

 

It has been observed earlier that MHC class II molecules of immature DC are mainly 

located inside the cell and have a half life of about ten hours. Mature DC on the other 

hand express MHC class II molecules on the cell surface and have a half-life of more 

than 100 hours (188,189). Immature cells continually turn over newly synthesized MHC 

class II molecules which are temporarily held in MHC class II rich compartments (MIIC) 

(138,149,190,188). Upon maturation, MHC class II molecules are loaded with peptides 

and MIIC become transport vesicles which migrate to the cell surface and quickly release 

their content (188,189,191). Additionally, B cells have been reported to contain MIIC 

(192) and may also express high levels of MHC class II molecules when stimulated with 

CD40 and IL-4 (193). The high expression profile of MHC class II, together with the 

largely extended cell surface (86) and coordinated spatial and temporal co-expression of 

costimulator molecules (194) make DC very potent antigen presenting cells. 

 

Many studies have described the interaction between antigen-specific CD4
+
 T cells and 

DC. T cells and DC form clusters during activation (195) which was also shown in 

experiments using subcutaneous injection of fluorochrome labeled OVA (173). 

Additionally, Byersdorfer et al. (196) showed that DC ingest OVA-coated latex beads 

given intranasally and that OVA-specific T cells could be found next to bead-containing 

cells 12 hours later. More recently, interaction between DC and immature T cells as been 

observed using two-photon microscopy. Apparently, immature T cells do not accumulate 

around DC but randomly meet these and briefly (about 3 min) interact with their 
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dendrites (197). However, others have demonstrated evidence that prolonged interaction 

of at least 6 hours between T cells and DC is necessary to induce proliferation in naïve 

CD4
+
 T cells (198).  

Even though macrophages and B cells express MHC class II on their surface and have 

been shown to be able to activate naïve CD4
+
 T cells (199,200), they are unlikely to be 

the initial antigen presenting cells in a primary immune response. Macrophages are 

mainly absent in lymphoid tissues and T cell areas of spleen and lymph nodes (201,202) 

and B cells take up antigen inefficiently (203), unless they are antigen specific (204). 

Additionally, antigen specific T cells from B cell-deficient mice are successfully primed 

upon immunization (205,206), though other studies have show a dependence on B cells 

for immune responses (87). The presence of DC in T cell areas of lymph nodes (202,207) 

and at sites where antigen enters and the up-regulation of IL-12 shortly after antigen 

contact (143,144,179) contribute to the idea of DC being the main antigen presenting cell. 

IL-12 plays a dual role in the innate immunity, such as enhancement of natural killer 

cells, but also in acquired immunity as it promotes the differentiation of CD4
+
 T cells into 

IFN-γ producing cells (143,144,179), which in turn activates anti-microbial activities of 

macrophages (Mo) (86). DC have also been described as activators of B cells (208) and 

natural killer cells (209). 

DC Subsets  

Myeloid and lymphoid DC were first described as having different progenitors. Ardavin 

et al. (210) showed that lymphoid DC (expressing CD8α homodimer) in the thymus share 

the same CD4
low
 precursor as T cells. On the other hand, myeloid DC (not expressing 

CD8α homodimer) do not share this precursor (211). A later study argued that the 

assumption of two different precursors might be due to experimental differences in these 

studies and showed that both myeloid and lymphoid thymus DC, indeed share the same 

CD4
low
 precursor (212). However, Rodewald et al. (213) recovered thymic DC in mice 

that lacked T cell progenitors, which suggests that at least thymic DC do not share the 

same lineage with T cells.  

There has been much discussion concerning the differential function of myeloid and 

lymphoid DC. First, Steinman et al. (207), discussed myeloid DC as being able to carry 
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antigen to T cell areas of lymphoid tissues, where they induce immunity. Lymphoid DC 

on the other hand were described as being stationary and presenting self-antigen leading 

to maintenance of tolerance. Other studies described different capacities of these two DC 

subsets to induce different T cell development, myeloid DC inducing Th2 and lymphoid 

DC inducing Th1 development (214,215). However, Smith et al. (216) showed that 

CD8α
+
 DC pulsed with antigen and injected subcutaneously resulted in T cell 

proliferation in vivo, apparently without migrating to draining lymph nodes. They argued 

that CD8α
+
 DC transferred MHC-antigen complexes to CD8α

-
 DC that then migrated into 

the lymph node to activate T cells. Therefore, T cell activation is not dependent on direct 

activity of CD8α
+/-
 DC. Additionally, Ruedl et al. (217) showed that myeloid and 

lymphoid DC were both able to activate CD8
+
 T cells in vitro. Myeloid DC present in the 

spleen, express marker molecules such as CCR7 and CCR6 (218) and CD8α is not used 

as a marker molecule for lymphoid DC in the periphery (219). 

Follicular DC, which can be found in the B cell areas and germinal centers, promote 

growth, viability and differentiation of activated B cells (86). They differ from other DC 

as they are not bone marrow derived (220), and lack the expression of the leukocyte 

marker CD45 but instead express complement receptors including CD11b (85) and CD35 

(221) and a long isoform of CD21 (222). The expression of complement molecules and 

Fc enables them to capture antibody-antigen complexes which are held at their cell 

surface rather than being processed (86).  

 

Iwasaki et al. (218) distinguished three different populations of DC in the Peyer’s 

patches, depending on the local distribution and the expression of the markers CD11b and 

CD8α homodimer. DC expressing neither CD11b nor CD8α homodimer can both be 

found in the sub-epithelial dome (SED) and inter-follicular region (IFR) and FAE (223). 

Myeloid DC express CD11b and reside in the SED. Their function is to capture antigen 

transported by M cells across the follicle-associated epithelium (FAE) (224). Lymphoid 

DC express CD8α homodimer but not the myeloid markers CD11b, CD13 and CD33, 

shared with macrophages and granulocytes (225) and are located in the IFR (224), where 

T cells are present and activate naïve T cells to become effector cells.  
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DC derived from the Peyer’s patches prime naïve CD4
+
 antigen-specific T cells to secrete 

IFN-γ, IL-10, IL-4 and TGF-β, the latter three cytokines being important for IgA B cell 

differentiation (218). In this way, DC of the Peyer’s patches might be unique in their 

ability to prime T cells for providing help for IgA B cell differentiation (226).   

 

DC and macrophages can also be found in the lamina propria (227). Cells isolated from 

the lamina propria, express 25F9, which is a marker of mature macrophages (228) and 

seem to have characteristics of immature myeloid DC (229). 

 

The DC of the GALT are unique APC as they release retinoic acid (RA), a derivative of 

vitamin A (230). This leads to up-regulation of the chemokine receptor CCR9  and the 

integrin α4β7 on responding CD4
+
 or CD8

+
 T cells in vitro (231,127,232), including CD8

+
 

precursors and CD4
+
 cells (231). Up-regulation of the appropriate chemokine receptors 

and integrins leads to migration of those cells to the gut epithelium and interaction with 

their ligands CCL25 and mucosal addressin cell adhesion molecule (MAdCAM-1) 

expressed by gut-associated high-endothelial venules (HEV) (233,234,116,117). 

Additionally, RA also suppresses homing of T cells to the skin (231). Thus, DC play an 

important role in the generation of T cells that home specifically to the gut (104,115), 

peripheral lymph nodes (235,236,237) and skin as their presence leads to expression of 

CCR4, P- and E-ligands, CCR10, CCR9 and α4β7 on responding T cells  

(238,239,104,240,241,242). Also, CD103
+
 DC residing in the lamina propria are 

important for expression of gut homing receptors by T cells of the Peyer’s Patches and 

mesenteric lymph nodes (125,124). 

Role of DC in T cell tolerance 

As there are different subsets and different maturation states of DC, they may play an 

important role in both central and peripheral tolerance. Central tolerance, also known as 

negative selection, takes place in the thymus during early stages of T cell differentiation 

(243,34,35) and describes the deletion of T cells with affinity to self-antigen. In general, 

thymocytes recognizing MHC-peptide complexes with high avidity in the thymus leads to 

central tolerance (243). Induction of central tolerance requires the presence of bone-
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marrow derived antigen presenting cells in the thymus (244). DC appear to be the most 

efficient thymic antigen presenting cell and have been shown to efficiently delete auto-

reactive thymocytes in vitro (245). Additionally, thymic epithelial cells present in the 

medulla (mTEC) play an important role in inducing central tolerance (246,247,244) by 

expressing peripheral tissue specific antigens. The expression of these special proteins in 

mTEC and thymus is regulated by the autoimmune regulator (AIRE) (248,249,250). 

However, not all peripheral tissue-specific antigens are controlled by AIRE (249). 

Additionally, DC are able to cross-present antigen derived from mTEC in the thymus 

(251,252). 

Thymic epithelial cells also exist in the cortex, however, these cells are less able to 

induce central tolerance than mTEC (243). Various studies showed that almost all auto-

reactive T cells are deleted during negative selection (253,254) and that those T cells still 

surviving respond poorly to antigen, suggesting that these T cells  might be anergic (243). 

These cells might have escaped negative selection because the threshold concentration of 

self-antigen in the thymus to activate and delete T cells was not reached. These T cells 

could however encounter high antigen concentrations in the periphery for example self-

antigen bound to certain tissue such as the pancreas and the brain. However, as they show 

low affinity to the antigen, they only react poorly and additionally, these naïve low-

affinity auto-reactive cells mainly circulate the lymphoid system and are thus unlikely to 

encounter this self-antigen (243).  

Additionally, peripheral tolerance occurs in secondary lymphoid tissue, resulting in cell 

death of auto-reactive mature T cells, via Fas/Fas ligand and TNF/TNF-receptor 

pathways, promoted by CTLA-4 and PD-1 (255). Kurts et al. (256) showed that DC are 

able to present self-antigen that is localized in the pancreas to mature T cells. DC are also 

able to cross-present antigen in the periphery to promote tolerance (257). The long life of 

DC and the expression of high concentrations of MHC-self peptide complexes (191), 

might provide the immune system with a prolonged presence of self-antigen, which might 

be another factor for activation of tolerance.  
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T cells 

T cells evolved to recognize processed antigen presented on APC such as DC (86), rather 

than native, unprocessed antigen. Gamma-delta T cells (γδ) recognize MHC class I 

related proteins that can originate from tumors and also bacteria, and are discussed later.  

Naïve CD4
+
 T cells express CD45RA and CCR7

 
 (45) and are located in the paracortex of 

the lymph node and Peyer’s patches and the periarteriolar lymphoid sheath (PALS) in the 

spleen (258). Indeed, naïve CD4
+
 T cells have been shown to have only little or no access 

to other body parts than the blood and secondary lymphoid organs (102). Cose et al. 

(259) however, isolated T cells from non-lymphoid organs which were of a naïve 

phenotype, therefore naïve T cells might also circulate through non-lymphoid tissues. 

CD4
+
 T cells can be subdivided into at least four subsets of T helper 1 (Th1), T helper 2 

(Th2), T helper 3 (Th3) and T helper 17 (Th17). The different populations of activated 

CD4
+
 T cells are dependent on strength and duration of signal delivery by the antigen and 

qualitative signaling from APC (260,261).  

Th1 cells are generated when APC produce IL-12 and acts together with STAT4 and T-

bet activation in T cells (260). They produce IFN-γ and TNF-β (262). IFN-γ plays an 

important role in the eradication of intracellular pathogens (263), as has been shown for 

Mycobacterium tuberculosis (264) and Salmonella typhimurium (265). Additionally, 

IFN-γ stimulates the secretion of IgG2a, suppresses the secretion of IgE (266) and has 

also been shown to influence elevation of IgA levels (267).   

T helper cell 2 (Th2), produce IL-4, IL-5, IL-10, IL-13 but not IFN-γ (262) and are 

generated in the presence of  IL-4  (260). Generally, Th1 and Th2 cytokines work as 

antagonists, for example IL-4 and IL-2 inhibit the generation of Th1 and Th2 vice versa 

(268,261). However, Sad et al. (269) showed that IL-2 producing CD4
+
 T cells can 

develop into either Th1 and Th2 like cells, and it seems that other factors, like antigen 

dose and  signal strength of the T cell receptor contribute to the differentiation into either 

sub-type (270,261).  

 

Th3 cells and regulatory T cells (TReg) play important roles in both mucosal and 

peripheral tolerance (271,272,273). TReg can be divided into different subsets, including 

CD4
+
CD25

+
 TReg, Tr1 and Th3 regulatory T cells (272,274). Haute-Broere et al. (275) 
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showed that mucosal TReg differentiate from peripheral naïve T cells in the Peyer’s 

patches and the mesenteric lymph nodes. Additionally, TReg might play a role in 

downregulation of cellular immunity during chronic infections (276) this might also be 

true for infection with M. tuberculosis. However, administration of anti-CD25 to M. 

tuberculosis infected mice lead to a stronger Th1 response but not to an improvement in 

controlling the pathogen in the lung (277). A maleffect of TReg in the tuberculosis model 

was observed when CD4
+
CD25

-
 and CD4

+
CD25

+
 cells were transferred into Rag

-/-
 mice. 

Inability of T effector cells to control M. tuberculosis growth could be observed which 

was not present when CD4
+
CD25

-
 cells were transfered alone (278). 

 

Recently, another type of T cell named the Th17 cell has been described by the expression 

of IL-17 (279). Th17 cells are so called due to their high level expression of IL-17, 

(specifically the IL-17A isoform), and form a separate lineage of T helper cells (279). 

Apart from Th17 cells, many other types of cells have been identified as producers of IL-

17A, including macrophages (280), astrocytes (281), oligodendroglia (281), uterine 

fibroids (282), corneal epithelial cells (283), NKT cells (284,285), CD8
+ 
T cells 

(286,287) and, especially by CD4
+ 
T memory cells (288,289,287). However, during 

innate immune response to infectious antigens and pulmonary infections, IL-17 is mainly 

produced by γδ T cells (290,291,288), which also form the majority of IL-17 producing 

cells in mice (292). Additionally, the number of IL-17-producing γδ T cells exceeds the 

number of IL-17 producing CD4
+ 
T cells as has been shown after infection with 

Echerichia coli and Mycobacterium  tuberculosis (291,293,294).  

 

Other cytokines expressed by Th17 T cells include IL-17F, IL-6, TNF-α, IL-22 and IL-21 

(295,296,297,298,299). However, the expression of IL-22 has recently been revised and 

Scriba et al. (288) suggested that there are two distinct CD4
+
 T cells population, one 

producing IL-17, the other one expressing IL-22, furthermore these populations are 

distinct from Th1 cells. Others argue that IL-22 is a cytokine expressed by Th17 cells 

(300). IL-17 is co-expressed with TNF-α and GM-CSF but not or only little with type 1 

or 2 cytokines such as IL-2, IFN-γ and IL-4 and thus has no or little effect on T helper-

phenotype development (279). 
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IL-4, IFN-γ, IL-2 and IL-27 (301,302,303) inhibit the differentiation of Th17 cells. 

Additionally,  IL-25 indirectly restrains Th17 development as it inhibits expression of IL-

1 and IL-23 by DC (304) and instead promotes Th2 development (305). 

 

On the other hand, the initiation of Th17 development is dependent on the presence of 

antigen presenting cells and cytokines as IL-6 and TGF-β (306,307,296,308), which leads 

to development of CD4
+
 T cells away from the TReg differentiation pathway (307,309, 

306). Other functions of  IL-6 include the induction of constitutive IL-17 expression by 

cells in the intestinal tissue (296,310) and the expression of IL-21 by Th17 cells 

(311,312). Mice lacking IL-6 are not able to control lung infections, similar to γδT cell
-/-
 

or IL-17
-/-
 knock out mice (313), suggesting that IL-6 plays a non-redundant role in the 

induction of IL-17 expression in γδ T cells.  

 

In contrast, IL-23 is not necessary for initiation of Th17 differentiation (296,314) from 

naïve CD4
+
 T cells (302), but instead allows the outgrowth and survival of already 

differentiated Th17 T cells. For example, its presence is crucial for maintaining IL-17 

production and effector functions by Th17 cells in vitro (315,301,316,317,306). 

McGeachy et al. (318) were the first to show that IL-23 is also crucial for the 

differentiation of Th17 cells in vivo. This might be promoted via up-regulation of IL-22 

production and enhancing expansion of IL-22 producing cells such as Th1 and even more 

Th17 (302). It also might mediate the recruitment of Th17 cells to the site of infection and 

is required for the establishment of Th17 memory (302). 

IL-17 induces the expression of IL-6 in epithelial cells and IL-23 in DC (319), thus the 

differentiation of Th17 cells underlies a positive feedback loop that leads to 

differentiation of more Th17 cells. 

Finally, IL-23 might also modulate the effector function of Th17. It also plays a role in 

Th17 mediated immune diseases (301) and was discussed as having pathogenic functions 

in intestinal inflammation in rodents (320). 

 

There are additional ways of Th17 differentiation: Foxp3
+
 TGF-β producing TReg can 

undergo self-induced Th17 differentiation and are sufficient for Th17 auto-induction even 
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in the absence of APC (321). Lack of TGF-β expression by T cells leads to lack of Th17 

cells whereas the frequency of TReg remain unchanged (322). Knockout of the TGF-β 

gene leads to drop in Th17 memory cells and rise in Th1 cells expressing IFN-γ (301), 

since TGF-β inhibits T-bet a GATA-3 expression (323,324) and thus blocks  Th1 and Th2 

differentiation pathways. Additionally, the source of TGF-β might have different effects 

on the Th17 or TReg development. Li et al. (325) used an animal model that lacked TGF-β 

production by T cells and showed that these mice lacked Th17 cells. However, TReg were 

still present, suggesting that lack of TGF-β produced by T cells does not hamper their 

development. 

Also, differentiation of mature CD4
+
 T cells into Th17 cells has been observed in the 

presence of IL-21 (326,311,312), which is expressed by natural killer T cells (NKT) 

(327,328), CD4
+
 T cells (329) and Th17 cells. Presence of IL-21 inhibits the expression of 

FOXP-3 and thus the differentiation of regulatory T cells (326,311).  

Th17 have first been discussed as being responsible for auto-immune diseases. 

Neutralization of IL-17 leads to absence of tissue pathology in auto-immunology models 

(330) and reduces joint destruction in experimental arthritis (331). Adoptive transfer of 

Th17 cells can induce experimental autoimmune encephalitis (EAE) (332), however, this 

has also been shown in experiments using adoptive transfer of Th1 cells (332). 

Additionally, administration of IFN-γ worsens multiple sclerosis (333) and blocking of 

TNF-α leads is used in the treatment of rheumatoid arthritis (RA) and Crohn’s disease 

(299). This highlights that Th17 cells alone are not responsible for tissue damage in 

autoimmunity models. 

Apart from their role in autoimmune disease, Th17 cells also play a role during infection. 

Stockinger et al. (302) suggested that the presence of pathogens results in production of 

IL-17 by many cell types such as monocytes, γδ T cells and NK-T cells which leads to 

the recruitment of neutrophils, granulocytes and myeloid cells. Additionally, IL-17 

mobilizes and enhances the de novo generation of neutrophils via granulocyte colony 

stimulating factor (G-CSF) secretion (334) and administration of IL-17 leads to reduction 

of pulmonary eosinophiles and bronchial hyper-reactivity (335). In the absence of IL-17, 

chemokines for recruiting protective IFN-γ T cells are not expressed in the 

Mycobacterium tuberculosis vaccination model (290) and pathogens can disse minate, as 
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has been shown with Klebsiella  pneumonia (336), the host defense against this pathogen 

being dependent on IL-17A produced by CD4
+ 
T cells (337). However, knock out of the 

IL-17RA gene did not increase susceptibility to Mycobacterium tuberculosis, Listeria 

monocytogenes (338) but to Toxoplasma gondii (339) and Candid albicans (340), 

suggesting that IL-17A and IL-17RA signaling might be more important for extracellular 

than intracellular pathogens (341,342,340). 

Khader et al. (290) hypothesized that Th17 cells populate the lung and quickly respond to 

infection which leads to the release of IL-17 and chemokines in the lung resulting in 

recruitment of IFN-γ producing T cells to stop the infection. They showed that 12 days 

after vaccination with a single mycobacterial peptide (ESAT-6), IL-17 producers arrive in 

the lung three days before the influx of IFN-γ producing αβ-T cells. This supports the 

notion that Th17 cells promote a delay of dissemination of the pathogen until the arrival 

of antigen specific αβ-T cells able to clear the infection. Also, it suggests that IL-17 cells 

reside in the lung, whereas, IFN-γ producing αβ T cells reside in the central lymphoid 

tissue (290), giving Th17 cells the role of surveillors in the peripheral tissue. However, if 

IFN-γ producing cells fail to clear the pathogen, chronic inflammation together with the 

presence of IL-23 can lead to autoimmunity (343). Indeed, prolonged expression of IL-17 

has been shown to promote autoimmune diseases such as EAE, CIA and RA (316). In 

addition, destructive function of peripherally located IL-17 producers have been 

described (316,344,345). 

Expansion phase  

During the first stage known as the expansion phase, naïve T cells encounter antigen 

which leads to proliferation and differentiation to effector T cells (346). How this works 

is not fully understood, however, both CD4
+
 T cells and CD8

+
 T cells need a  minimal 

threshold of antigen stimulation provided by professional antigen presenting cells to enter 

into this phase of clonal expansion (260,261,346,347,348,349,350,351). Differentiation 

into CD4
+
 or CD8

+
 T cells is dependent on the type of pathogen and the nature of 

infection (258,260,263,346,349). Compared to CD4
+
 T cells, CD8

+
 T cells require a 

lower threshold to initiate proliferation, and they also enter this phase earlier and 

proliferate faster (352). An explanation for this might be that naïve CD8
+
 T cells start 
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differentiation after only two hours of antigen exposure (349). Depending on signal 

strength, T cells fully differentiate into effector cells, or halt their differentiation and 

remain in intermediate stages (353). Additionally, there has been evidence that in contrast 

to CD4
+
 T cells, initially activated CD8

+
 T cells expand even in absence of prolonged 

antigen exposure (349), which might suggest that these activated cells are genetically 

programmed to divide (350,354). Furthermore, the duration of antigen stimulation might 

be linked to the quality of effector T cells, as has been discussed for CD8
+
 T cells (350). 

In CD4
+
 T cells, the differentiation to effector cells is dependent on prolonged antigen-

stimulation, additionally, in the presence of certain cytokines, CD4
+
 naïve T cells polarize 

into either Th1 or Th2 cells (351). In more detail, the generation of effector CD4
+ 
T cells  

might happen as follows (262,258): Antigen is ingested by DC and Mo which leads to the 

release of pro-inflammatory cytokines such as TNF-α and IL-1, but little effector 

cytokines like IFN-γ, IL-2, IL-4 or IL-5. APC then migrate to the draining lymph nodes 

and present antigen on MHC class II molecules to naïve CD4
+
 T cells in T cell areas. 

Interactions of MHC class II with the T cell receptor and co-stimulatory ligands such as 

B-7 (CD80) with CD28 in the presence of cytokines, for example IL-2, lead to 

proliferation. Additionally, IL-12, produced by DC, supports division and differentiation 

of T cells. In addition, the concentration of IL-12 functions as survival signal for dividing 

T cells. Toll-like receptors (TLR) play an important role in quality and quantity of CD4
+
 

T cell response (355). Triggering of TLR leads to secretion of pro-inflammatory 

cytokines such as IL-1, IL-6, IL-12 and TNF-α by antigen presenting cells (262,356), but 

also to their activation which in turn results in further differentiation and up-regulation of 

co-stimulatory molecules (355). Also, triggering of different TLR on DC can lead to 

formation of a Th1 or Th2 immune response. Signaling through TLR-2 leads to secretion 

of IL-10 and therefore Th2 directed immune response (357,358), however, triggering of 

TLR-4, TLR-5 or TLR-9 on DC leads to secretion of cytokines associated with Th1, such 

as IL-12p70 (358,357).  

These initial steps of activation can also happen in the first place of encounter with 

bacteria. For example the presence of Streptococcus in NALT of mice, leads to local pri 

ming of CD4
+
 T cells at this site (359,360,361). However, this might be a specific feature 

of the NALT. When OVA-specific T cells were adoptively transferred into mice injected 
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with the OVA peptide, limited proliferation could be observed. Further antigen 

stimulation lead to unresponsiveness and failure of T cells to accumulate in the lymph 

nodes (362). Thus, primary activation of these T cells at infection sites, lead to 

unresponsive T cells.  

According to alterations in the expression of homing molecules, activated T cells migrate 

to different tissues. Effector T cells are able to access peripheral non-lymphatic tissues, 

via the increased expression of β1 integrins, CCR5 and CCR2 (346). Chao et al. (363) 

have shown that the duration of stimulation of the T cell receptor is linked to the 

expression of CD62L; prolonged stimulation of the TCR leads to decrease of expression 

of CD62L. Activated Th1 cells gain the ability to rapidly produce effector cytokines and 

are long-lived, as long as their antigen is present. However, in absence of antigen they 

may die quickly (364), possibly due to autocrine cell death via IFNγ induction (365). 

Contraction phase 

The second phase of T cell development is the contraction phase in which most of 

effector cells are removed. This happens after the antigen has been cleared and prevents 

immunopathology due to the high numbers of effector cells (346). On the other hand, this 

massive attrition of effector cells may impact on the numbers of memory T cells (366), 

however, others proposed that high numbers of effector T cells might not affect the 

quantity of memory T cells (367). Both positive and negative regulatory factors control 

the contraction phase. For example, in mice, the presence of IL-2 can reduce cell death 

(368) and increases the numbers of CD4
+
 T cells in vivo (369). Other examples of 

molecules regulating the contraction phase are members of the TNF receptor family, that 

might affect the quantity of memory T cells as has been shown for CD154 (CD40L) 

(370). Additionally, IL-15 has an inhibitory effect on activation-induced cell death (371) 

and together with IL-17 is crucial for T cell homeostasis (372,354).  

Generation of memory cells 

There are at least two different theories to explain the origins of memory T cells. They 

could either differentiate from effector T cells or form a separate lineage that emerges 

following antigen stimulation of naïve T cells. Various studies, using CRE/LOXP marked 
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effector cells in transgenic mice or adoptively transferred effector T cells, showed that 

memory T cells develop from effector T cells (373,374,375,376). Additionally, Swain et 

al. (262) showed that the transition of effector T cells to memory T cells needs survival 

signals and is rapid once the antigen is cleared. Ahmed et al. (377) suggested that one 

factor for this transition could be the quantity and quality of antigen stimulation, in which 

case cell death would be reduced if the contact of T cells with antigen is limited. This has 

been shown in models for chronic antigen exposure, in which antigen-specific T cells are 

deleted or become dysfunctional (378,379, 380). This would also imply that the 

prolonged exposure of T cells to antigen would result in the lack of generation of memory 

T cells (381). However, others have proposed that central memory T cells develop 

independently of an effector stage and instead might form a second wave of effector T 

cells once the immune system re-encounters the antigen (45,382,383). In terms of their 

function, effector cells could clear the antigen while memory cells proliferate in 

secondary lymphoid organs and supply new effector T cells (384). 

The following two sections will describe effector memory T cells (TEM)  and central 

memory T cells (TCM) of CD4
+
 T cells and CD8

+
 T cells in more detail. In general, TEM 

and TCM are defined by the expression of CCR7, CD62L and CD44; and their presence in 

lymphoid or non-lymphoid tissues. TCM express L-selectin and CCR7 and can be found in 

all secondary lymphoid organs (385), the integrin-ligand combination between CCR7 on 

the T cell and CCL21/CCL19 promotes entry to lymphoid sites. Also, TCM express 

CXCR4 which is the receptor for CXCL12, allowing homing to the bone marrow (386) 

and peripheral lymph nodes (387). 

TEM on the other hand do not express CCR7 and no or low concentrations of L-selectin 

(45,239), they therefore can not enter lymphoid tissues and are found in non-lymphoid 

sites. 

Memory CD4
+
 T cells 

CD4
+
 TCM are CD62L

+
CCR7

+
 (45,388) CD44

hi
 (381) and express higher levels of 

CD40L than naïve cells (45). They are predominate in the spleen (388) and like naïve 

CD4
+
 T cells circulated through the lymphoid system, assisted by the expression of 

CCR7. Compared to naïve and effector CD4
+
 T cells, they are present in greater numbers, 
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respond to a wide range of cytokines and interact more effectively with DC and help B 

cells which results in a more rapid response (45,366). They have no immediate effector 

function (45) but upon re-stimulation develop into TEM and become capable of cytokine 

release (260). 

TEM are CD44
hi
 (381) but have lost the expression of CD62L and CCR7 (388,45), 

denying them access to lymphoid organs (260). Thus, they are tissue homing cells, 

present in spleen, blood and mucosal sites which allows them to meet antigen before the 

pathogen has time to disseminate (366,384). They also produce effector molecules such 

as  IFN-γ (260,384,45).  

There are different theories describing the differentiation into TEM and TCM observing the 

expression profile of CCR7. Jenkins et al. (258) proposed that TCM loose CCR7 

expression upon antigen re-challenge. These CCR7
-
 cells then clear the antigen and die or 

may revert into CCR7 expressing TCM (389). However, it is unclear whether CCR7 is a 

definitive marker to define effector functions as it has been shown, that both CCR7
+
 and 

CCR7
-
 populations contain effector cells and that the majority of Th1 and Th2 effector 

cells express CCR7 (390). The persistence of memory CD4
+
 T cell in absence of antigen 

has been debated. On the one hand, Garcia et al. (391,392) showed that CD4
+
 T cells 

express CD44 and IFN-γ for many months after antigen has been cleared. On the other 

hand, Gray et al. (393,394) showed that CD4
+
 T cell memory is quickly lost once the 

antigen has been cleared.  

Memory CD8
+
 T cells 

As for CD4
+
 T cells, CD8

+
 T cell memory populations can be subdivided into central 

memory T cells (TCM) and effector memory T cells (TEM) according to the expression of 

CCR7 and CD62L (384,353). However, as for their CD4
+
 counterparts, doubts have been 

raised of the usefulness of CCR7 as activation marker as Unsoeld et al. (395) showed that 

both CCR7
+
 and CCR7

-
 CD8

+
 memory T cells released effector cytokines following 

stimulation. TCM circulate through the lymphoid system where they rapidly react to 

present antigen in which case they proliferate in secondary lymphoid organs and form a 

supply of new effector cells (384), however, they have little effector function compared 

to TEM (353,45,392,396). 
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Similar to their CD4
+
 counter parts, CD8

+
 TEM are able to leave the blood to access 

tissues such as mucosal surfaces (366). They quickly respond to antigen and dominate the 

response of recently generated memory cells, as has been shown in the lung for both 

CD4
+
 T cells and CD8

+
 T cells (397,398,384), however, this response is not sustained nor 

do they proliferate a lot and thus play only a minor role in recall responses (399). In 

contrast, others have argued that TEM are able to mediate efficient recall responses 

(400,401). 

Although it is not clear how TCM and TEM develop. Stimulation leads to expansion of TEM 

and their activation which leads to an immediate phase, characterized by a limited 

number of proliferative TEM and a second phase resulting in high numbers of clonally 

expanded TEM (353). Schwendemann et al. (353) showed that stimulation of human 

peripheral blood TEM (CD4
+
 or CD8

+
, CD62L

-
CCR7

-
) leads to acquisition of effector 

molecules by the majority of CCR7
-
 cells. However, a small proportion gains expression 

of CCR7 and shows strong antigen induced proliferation. The majority of these 

proliferating CCR7
+
 cells lose the expression of CCR7 and regain expression of effector 

molecules, whereas a small percentage of these cells (~6 %) maintain TCM properties. 

Therefore, the differentiation of TCM from TEM is dynamic, with TCM resembling an 

intermediate stage with self-renewal potential (353). 

Besides CCR7, CD62L is used to differentiate between TEM and TCM, however, loss of    

CCR7 and CD62L expression does not correlate with effector function of CD8
+
 T cells 

(260). Overall it has been shown that CD8
+
 T cell memory improves over time and that it 

takes at least one year before being fully established, raising the question if time is more 

important than CD62L expression (384). 

The quality of CD8
+
 T cell memory, e.g. proliferation and migration to sites of infection 

upon re-stimulation, improves over time, as has been shown for both TEM and TCM, but is 

dominated by the latter (45). CD8
+
 T cell memory phenotype and function are maintained 

in the absence of antigen (402). 
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Gamma delta (γδ) T cells 

γδ T cells, express a γδ-TCR, but not CD4 or CD8 molecules (403,404). They form the 

major T cell population in the thymus early in fetal development (405,406), and after 

delivery in the epithelia of many non-lymphatic tissues such as the intestine, lung, 

reproductive organs, skin, tongue, liver, in addition, some circulate around the body and 

minor populations can be found in the spleen (407,408,409,410,411). Almost all T cells 

in the epidermis of wild type mice express the γδ-TCR (67) and are derived from the first 

wave of fetal γδ thymocytes development (412). In contrast, humans lack this major 

population of cutaneous γδ T cells, instead possessing a population of cutaneous αβ T 

cells (413). αβ T cells form the predominant thymocyte population shortly before and 

after birth (414) and form the majority of T cells in the skin and lymphoid tissue (67). 

 

Gamma delta T cells can be divided into different subsets according to the expression of 

variant regions of the γ chain of the TCR (Vγ). The expression of distinct TCR-Vγ chains 

is associated with the localization of γδ T cells to various anatomical sites (415) (see table 

1.1). Most likely, they have two different progenitors: one originating from the bone 

marrow the other one from the fetal liver (407). During development, these progenitors 

move to the thymus where they can develop into αβ and γδ T cells as experiments using 

intrathymical injection of these progenitors have shown (416). Interestingly, when these 

progenitors were injected intravenously, they migrated to the bone marrow where they 

gave rise to B cells (416), showing that these progenitors do not exclusively develop into 

T cells. Even though  γδ T cells and αβ T cells arise from a shared precursor in the 

thymus (417) the development of γδ T cells is independent of the presence of αβ T cells 

as experiments with knock out mice have shown (418). 

 

Kang et al. (419) proposed differentiation into either lineage might be independent of the 

type of expressed TCR but is more likely to be linked to the quantity of expressed IL-7R. 

Additionally, signal quality and strength at each TCR might also contribute to the lineage 

differentiation; weaker signals might promote αβ T cell development whereas stronger 

signals might promote γδ T cell development (420).  
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In addition to the different Vγ patterns, γδ T cells can also vary in their Vδ gene 

expression, e.g. expression of Vδ1 and Vδ2. Vδ1 can be found in fetal but not in adult 

thymus and is expressed by Vγ5
+
 and Vγ6

+
 cells (407). 

Both populations are activated during Mycobacterium tuberculosis infection (421), but 

the enhanced response is mainly due to Vδ2 (422). However, magnitude of activation 

varies between active and chronic disease (421). Interestingly, people with tuberculosis 

have less circulating Vδ2
+
 T cells, however there are no significant changes in the 

proportion of total γδ T cells (421). Actually, people newly infected with Mycobacterium 

tuberculosis show an increase in γδ T cells, mainly of the Vδ2 phenotype (421), however, 

these numbers might drop to a normal level during chronic disease (423). 

 

γδ T cells have been discussed as forming a link between innate and acquired immunity 

by influencing the migration of neutrophils, macrophages, T cells and NK cells as well as 

promoting generation of Th17 (343). Other functions of γδ T cells include promoting 

repair of damaged epithelium via the cytokine IL-17A (292), modulation of  

inflammation, lysing of transformed cells and enhancing wound healing (408). Also, they 

have been described as having antigen-presenting function (424) and might play a role in 

the graft-versus-host tissue model (413). Additionally, γδ T cells modulate the ability of 

neighboring epithelial cells to produce inflammatory recruitment factors and to influence 

the release of various cytokines. Presence of γδ T cells leads to decrease of IL-15 

production by epithelial (425) and to increase of IL-8 and IFN-γ inducible protein-10 

production (426).  

γδ T cells also release various cytokines. Mouse γδ T cells have been reported to produce 

IL-17 in response to lung injury and are required for organized inflammatory response 

and epithelial repair, as the absence of γδ T cells correlates with increased inflammation 

in fibrosis (292). In presence of malaria antigen, γδ T cells proliferate (427) and produce 

cytokines including IFN-γ (428,429). 
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Table 1.1: γδ T cells differ in their expression of variant γ chain (Vγ).  

The table lists the expression of Vγ according to different stages of thymus 

differentiation, their localization in the newborn and combination with the constant γ 

region (Cγ). Table altered after (407). DETC: dendritic epidermal T cells. 

 

The location of γδ T cells in epithelial tissues allows them to monitor this environment, 

regulate homeostasis of the skin and gut and to play a regulatory role in inflammation 

during airway hyper-responsiveness (AHR) (430) and sepsis. Depletion of γδ T cells 

results in enhancement of AHR (431). Despite these indicators for peripheral function, γδ 

T cells have also been discussed as having a function in the early thymus development 

(404). 

  

Intra-epithelial lymphocytes (IEL) 

Various cells reside in the intestinal mucosa, mainly in the intestinal epithelium or the 

lamina propria. These cells are IgA
+
 plasma cells and CD4

+
 or CD8

+
 T cells. CD8

+ 
IEL 

can be further divided into CD8αβ
+
, expressing an αβ-TCR and CD8αα

+
, expressing 

either a αβ-TCR or a γδ-TCR (104,432,433,67,409). Also, CD8αα
+
 IEL maturation is 

dependent on thymus (434), as their numbers are reduced in nude mice. 

The origin of IEL is controversial. Some IEL develop in the thymus and have the same 

progenitor as αβ T cells, the different development depending on the strength of the TCR 

signal (435). Others seem to originate extra-thymically, possible in the crypto patch cells 

in the lamina propria of the gut (436). However, this has been a subject of long debate 

and is yet to be resolved (408,437,438,439,440). Precursors of murine intra-intestinal T 
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cells expressing αβ-TCR and γδ-TCR are located in crypto patches (441,436). Also, nude 

mice that lack a thymus and do not have γδ T cells or αβ T cells in spleen and lymph 

nodes (442,443), still possess γδ IEL T cells which suggests an extra-thymic origin (67). 

Similarly, αβ T cells can develop in the intestines of athymic mice and are present in the 

la mina propria but not in the Peyer’s patches or spleen of these mice (437,439,444). The 

thymus is required for full development of some murine IEL subsets expressing αβ-TCR 

early in life (445), whereas thymectomy has no effect on development of IEL expressing 

αβ-TCR and γδ-TCR in the adult life (446).  

Intra-epithelial lymphocytes expressing γδ-TCR also play a role in peripheral tolerance 

physiologically and during oral tolerance induction (447,448). Oral mucosal tolerance is 

impaired in C57BL/6 mice that have been treated with anti-γδ T cell antibody (449) and 

in TCRγ
-/-
 mice (450). Additionally, host response is impaired to bacterial infection in γδ 

T cell
-/-
 mice which is comparable to lack of the IL-17 pathway (451,413). Lack of γδ-

TCR results in increased interstitial inflammation and collagen deposition, as well as 

delayed epithelial regeneration (292). 

B cells 

B cells are the precursors of antibody producing plasma cells. They are able to recognize 

native antigen through their B cell receptor, and even though B cells express MHC class 

II on their cell surface, they are not required as initial antigen presenting cells for naïve 

CD4
+
 T cells (452) a fact contributing to this is their relative paucity in T cell areas. 

Additionally, B cell deficient mice do not show an altered pattern of antigen-specific T 

cell proliferation (205,206). However, several studies have shown that B cells are able to 

present antigen to T cells in vivo. Werner-Klein et al. (453) used retroviral virus vectors 

and showed that B cells present antigen in the thymus and secondary lymphatic organs, 

including lymph nodes and spleen. These B cells were not able to contribute to central 

tolerance of CD8
+
 T cells; however, they played a role in peripheral tolerance. 

Furthermore, Kleindienst et al. (87) showed, that B cells do not have the antigen 

presenting qualities of DC in vivo, using transgenic mice that lack DC. However, when 

both DC and B cells are present, increased CD4
+
 T cell numbers could be detected, 

compared with transgenic mice that lack B cells but not DC. Therefore, DC are sufficient 
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to activate CD4
+
 T cells, however, the additional presence of B cells enhances the 

expansion of these cells. Also, B cells have been shown to be able to cross-present 

antigen. Hon et al. (454) used gene gun to transfect cells with plasmids encoding tissue-

specific genes and showed that B cells in B cell deficient mice (mu-MT) play a role in 

cross-presenting antigen for generation of CD4
+
 and CD8

+
 T cells.  Additionally, B cells 

have been shown to be important of cross-priming Trypanosoma cruzi trans-sialidase 

specific CD8
+
 T cells (455) and Tobian et al. (456) used OVA fused to Mycobacterium 

bovis heat shock protein 70 to show that it is successfully cross-presented by B cells to 

activate specific CD8
+
 T cells. 

More recently, Keller et al. (457) used various virus-like particles and showed that B 

cells are able to internalize, process and present this antigen on MHC class II but were 

unable to process exogenous antigen and present it on MHC class I and thus do not play a 

role in cross-presentation. 

  

Activation of B cells resulting in the induction of a strong humoral response is dependent 

on the presence of antigen-specific CD4
+
 T cells (458). In summary, APC such as DC 

take up antigen and migrate to draining lymph nodes where they present the processed 

antigen to CD4
+
 T cells (459,460). This, together with the interaction of co-stimulatory 

signals , like CD86/CD28  lead to activation and proliferation of naïve T cells (461). At 

the same time, B cells bind antigen via immunoglobulin which is followed by 

endocytosis, degradation and presentation on MHC class II molecules (462), however, 

this encounter and processing of antigen does not result in their complete activation, as a 

secondary signal provided by T cells is required (463). B cells then present antigen to 

primed T cells, which together with the interaction of co-stimulatory signals, like 

CD40/CD40L (464,465,466) LFA-1/ICAM-1 or ICAM-2 and CD2/LFA-3 (467), lead to 

their activation. This interaction between B cell and T cells occurs in secondary 

lymphatic organs (468) and results in differentiation of B cells into antibody producing 

plasma cells, the formation of germinal centers and generation of memory B cells (469). 

Depending on the cytokines released as a result of interaction with Th2 cells, different 

antibody classes (e.g. IgG1, IgG2, IgE) are induced (470). Additionally, signals generated 

during contact between the two cells might influence class switching (471). 
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Apart from these T cell-dependent antigens, B cells can also be activated directly by T 

cell-independent antigens. This has been shown using a Vesicular stomatis virus (VSV) 

infection model in which antigen-specific B cells proliferate and release IgM in vivo in 

absence of T cells (472). Baumgarth et al. (469) suggested that IgM itself might be a T 

cell-independent antigen as it binds complement which activates the complement cascade 

via binding of complement receptors expressed on the surface of B cells. This idea is 

supported by experiments, showing that B cell responses are severely impaired in absence 

of complement receptors (473,474). Microbial cell wall polysaccharides, viral coat 

antigens and CpG motifs in bacterial DNA have further been described as T cell-

independent antigens (475,476). T cell-independent activation of B cells might also 

require a second signal, Vos et al. (477) proposed that this could be provided by toll-like 

receptors.  

Macrophages 

Monocytes develop from stem cells originating from the bone marrow in the presence of 

certain cytokines such as IL-3, GM-CSF and M-CSF. After two to three days they enter 

the blood stream and travel to their target tissue where they differentiate into different 

types of macrophages according to factors of the local microenvironment (478). 

Macrophages are mainly located in non-lymphoid tissues but can also be found in 

secondary lymphatics such as the red pulp of the spleen and the sub-capsular and 

medullary sinuses of lymph nodes (201,202). Among those different types of 

macrophages are Kuppfer cells in the liver, alveolar macrophages of the lung and 

macrophages of the connective tissue. Different types of macrophages have characteristic 

properties, for example alveolar macrophages express high levels of mannose receptor 

and constitutively release large amounts of lysozyme (479). Macrophages may express 

MHC class II (452), but are usually absent from T cell areas in the steady state.  The 

ability of macrophages to activate naïve CD4
+
 T cells in vivo is still under debate. Chang 

et al. (480) showed that naïve T cells become activated in op/op mice that lack 

macrophages due to deficiency in macrophage colony-stimulating factor. However, these 

mice are not deficient in all Mo; therefore there might be certain types of Mo that play 

part in the initial activation of naïve CD4
+
 T cells. Macrophages, however, function as 
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antigen presenting cells for effector T cells as their presence in non-lymphoid organs 

might suggest (481). Aichele et al. (482) used clodronate to deplete macrophages in the 

spleen. Subsequent intra-venous injection of Listeria monocytogenes showed that 

macrophages are essential for capturing blood-borne antigen and preventing the pathogen 

to spread but was not required for antigen presentation. There are several different 

pathways leading to the activation of macrophages.  

The classical macrophage activation pathway requires two signals, the Th1 cytokine IFN-

γ (483) and TNF-α or alternatively inducers of TNF-α, e.g. triggering of toll-like 

receptors (TLR) by microbial products such as LPS (484). Additional cytokines inducing 

the classic activation are IL-12 and IL-18 produced by antigen presenting cells (479). The 

activation of macrophages via IFN-γ produced by Th1 cells leads to the production of 

nitric oxide (NO) (485,486). Classically activated macrophages migrate to sites of 

infection where they phagocytose and degrade pathogens (484,478). In addition, activated 

macrophages restrict various nutrients in the phagosome, such as iron (487) and 

tryptophan (488) which in turn limits intracellular growth of pathogens inside activated 

macrophages (484). The presence of IFN-γ is essential in resistance to M. tuberculosis 

infection in mice (264) and has been shown to inhibit growth of M. tuberculosis in 

murine peritoneal macrophages (489).  

The cytokines IL-4 and IL-13 produced in Th2 responses promote alternative activation 

of macrophages (490,479) which is characterized by the production of the AMAC-1 

cytokine (491), also known as CCR18 (492). Alternatively activated macrophages show 

enhanced MHC class II expression, reduced cytokine secretion and enhanced expression 

of murine macrophage mannose receptor which in turn leads to enhanced endocytosis and 

antigen presentation. Additionally, these macrophages do not produce nitrogen radicals 

(493) and therefore are very ineffective in killing intracellular pathogens. Instead, they 

react to parasites and extracellular pathogens (478). Apart from that, other studies have 

shown the production of components of the extracellular matrix and fibronection by 

alternative activated macrophages (494), which might give them a role in tissue repair 

(495). Also they have been discussed as having regulatory functions such as effects on 

viability and proliferation of cells (496). 
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Anderson et al. (497) described a second alternative activation pathway leading to type-2 

activated macrophages. Like the classical pathway, this second alternative or humoral 

activation of macrophages requires two signals, first, ligation of FcγR and second, a 

macrophage stimulatory signal for example triggering of TLR (484). Ligation of the 

macrophage receptor FcγR resulted in secretion of IL-10 and decrease of IL-12 

expression (498,499), additionally, type-2 macrophages release cytokines similar to  

classically activated macrophages, such as TNF, IL-1 and IL-6 (500). Antigen 

presentation by these cells leads to production of IL-4 by Th2 cells (501), which in turn 

leads to production of IgG1 by B cells (484). 

A fourth way of macrophage differentiation involves direct macrophage stimulation,  for 

example via contact with LPS (502,503). These microbial stimuli trigger TLR, 

CD14/LPS-binding protein or other receptors (479), and result in the production of 

cytokines such as IFN-α and IFN-β but also of reactive oxygen species (ROS) and NO. 

Additionally, these cells show enhanced phagocytosis and presentation of antigen (479). 

To prevent ongoing activation, macrophages have to be deactivated, for example via IL-

10 which leads to down-regulation of iNOS and TNF (478). This deactivation is 

important, as activated macrophages have been linked to tissue damage (484) and 

autoimmune diseases (504,505). Additionally, over-production of NO plays a role in 

sepsis (506). 

M cells 

M cells are specialized cells of the GALT but can also be found in the NALT of rats 

(507,508), hamster (509), rabbit (510) and in BALT of rabbits (511). In the Peyer’s 

patches, the FAE is lined with specialized M cells (80) and goblet  cells whose function is 

to secrete mucus (512). M cells are dome-shaped, have micro-villi and a pocket which 

harbors intraepithelial migrating cells such as macrophages (80), and are also associated 

with other lymphocytes such as T cells and B cells (79,513,514,81). This close relation of 

M cells with other lymphocytes might give them a key role in the initial phase of the 

immune response (515). However, M cells most likely do not play a role in antigen 

presentation but rather work as a portal between the lumen of the intestine and the 

Peyer’s patches (78). M cells are also utilized as an entry site by many pathogens 
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(516,512,517,518,519,520,521), such as retrovirus in mice (522), polio virus (523), 

Salmonella spp, Yersinia enterocolitica, Yersinia paratuberculosis, Shigella  (524) and 

BCG (525). Additionally, M cells shuttle agents such as horse radish peroxidase from the 

lumen into the Peyer’s patches (526). These organisms and agents might actively infect 

M cells or are engulfed and internalized by M cells (79,513,522). 

 

Epithelial cells can differentiate into M cells in response to bacterial colonization as has 

been shown in the rat intestine (80). Additionally, human intestinal epithelial colorectal 

adenocarcinoma cells (Caco-2) can differentiate into M cells in the presence of B cells 

(527). Also, B cell deficient mice and rag1 deficient mice which lack B cells and T cells 

only have just few M cells, small Peyer’s patches. and small FAE (528,529). 

 

Figure 1.3: Apical and peripheral areas of Peyer’s patches. Sketch of a Peyer’s patch 

showing the follicle (Fo), the villi free apical area (A) and the villi containing peripheral 

area (P). Sketch after picture from Chin et al. (80). 

 

The importance of commensal bacteria or pathogens in the gut for the generation of M 

cells has been demonstrated using germ-free mice. Numbers of M cells increased two- to 

threefold when germ-free mice were orally infected with Salmonella typhimurium (530). 

Borghesi et al. (531) showed that the number of M cells increased within one hour after 

exposure to Streptococcus pneumoniae in the peripheral but not the apical villi free area 
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of rabbit FAE (see figure 1.3). This increase in M cells then led to an increase in transport 

capability from the gut lumen to the intestinal lymphatic system as been demonstrated by 

the use of latex particles (531). Addtionally, some have provided evidence that M cells 

can transform back into enterocytes once they have reached the apical area (80). 

 

 

Oral immunity and tolerance 

 

As animals we are dependent on the uptake of food which provides us with energy but 

also is crucial for the development of cells in the intestinal lamina propria and a mature 

cytokine production profile (66). However, the GALT has to differentiate between 

harmless ’food‘ antigen such as soluble proteins that do not require an immune reaction 

and pathogens that present a ‘danger’ to the body. For example the immune response to 

parenteral administered antigen can be abrogated by prior ingestion of the same antigen. 

This effect may persist for several months whereas it only lasts for a few weeks in 

germfree mice (532,271,533). One way the immune system can distinguish between 

pathogen and food is via the expression of Toll-like receptors (TLR) that recognize 

conserved motifs on bacteria that are not expressed in higher eukaryotes (74,534). 

Different bacterial species activate different types of TLR which leads to release of 

different cytokine profiles and thus promotes different lymphocyte populations in the 

lamina propria (535). Additionally, epithelial cells of the intestines are polarized into an 

apical site that is facing the intestinal lumen, and the basal surface that faces the lamina 

propria. The toll like receptors TLR9, TLR2, TLR3 and TLR5 are expressed on both sites 

of human intestinal epithelial cells (IEC) (536). Interestingly, activation of the basolateral 

expressed TLR9, 3, 5 and the apical TLR2 lead to release of IL-8, revealing that 

polarization of cells has an effect on TLR activation and might be a mechanism to 

distinguish between harmful and harmless antigen. For example TLR9 on the basolateral 

surface would only be activated when antigen breaches the epithelial barrier (536). 
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Factors inducing the formation of oral tolerance include the chemical nature of antigen as 

well as dose and the previous contact with the antigen (537). Also, lymphoid DC have 

been discussed to drive the induction of immune tolerance (538). 

MacPherson et al. (75) have described the following way leading to the formation of oral 

tolerance towards soluble proteins: protein antigens situated in the intestine might pass 

the intestinal epithelial barrier where they are taken up by DC (533) in the sub epithelial 

region of Peyer’s patches and transported via the afferent lymphatics to the mesenteric 

lymph nodes. Here, DCs present antigen to circulating T cells (533) and depending on the 

state of DC maturation induce tolerance of T cells (539). When DC are matured in the 

presence of pro-inflammatory stimuli such as TLR-ligands, effector T cell functions are 

induced, however, in absence of these stimuli, DC induce T cell tolerance. Oral tolerance 

depends on CD4
+
 T cells as shown by adoptive transfer experiments (75). Mesenteric 

lymph nodes seem to be the main site of induction of oral tolerance (533), as cells from 

mesenteric lymph nodes, but not from Peyer’s patches lead to suppression of antigen 

specific responses (537). This might be explained by a higher proportion of CD4
+
 T cells 

in mesenteric lymph nodes compared to the Peyer’s patches (540) and might include TReg, 

which have been shown to play an important role during oral tolerance (541). Similarly, 

Ridge and colleagues have shown that the induction of neonatal tolerance may be related 

to the low numbers of T cells in the lymphoid organs of neonates (542). Tolerance might 

be induced systemically, independent of the mesenteric lymph nodes, as antigens might 

pass directly into the blood stream via the hepatic portal veins (75). Indeed, several 

studies have implicated the liver in the induction of tolerance (543,544). Transfer 

experiments using splenocytes derived from mice intra-gastrically immunized with 

ovalbu min or Streptococcus mutans showed suppression, however, to a lower extent than 

observed using mesenteric lymph node-derived cells (537). 

Induction of tolerance to commensal bacteria may result from translocation of bacteria 

via the intestinal lymphoid fluid with subsequent entry into the mesenteric lymph nodes, 

however these bacteria fail to colonize the lymph nodes and fail to reach other inductive 

sites, such as the spleen, resulting in the preferential induction of tolerance (545). 
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Pathogens, however, can directly enter the blood stream via transport across the epithelial 

layer by phagocytotic cells (545,546) which subsequently leads to infection of lymph 

nodes, liver and spleen. 

However, if the mucosal barrier fails as result of increased permeability, overgrowth of 

enteric bacteria or deficiencies in the host immune defenses (547), greater numbers of 

commensals can cross from the gastrointestinal tract through the epithelial mucosa (548) 

and travel via the lymph to the mesenteric lymph nodes, liver and spleen and initiate 

inflammation (74). Enteric bacteria entering the blood stream can cause severe damage to 

the host, including systemic shocks and multiple organ failure (74). Additionally, 

systemic infection might require the establishment of bacterial replication in the lumen of 

the intestine and adequate intestinal bacterial load (545). 

 

Apart from their role in the formation of the gut immune system, commensals function as 

barrier to pathogens by competing for space at the brush border (549) and for nutrients 

(550). Also, release of bacteriocins by commensals can inhibit growth of their 

competitors (551,552). Lack in barrier function, as observed in germ-free animal, results 

in high susceptibility to infections (553,554). 

 

Tuberculosis 

 

More than a third of the world’s population is infected with tuberculosis, an estimated 2 

billion people (555) and the WHO estimates that there have been more than nine million 

new incidences of tuberculosis in 2007 (WHO report 2009). Tuberculosis is prevalent in 

all areas of the world, with 15 % in Europe’s to 44 % of South-East Asia’s population 

infected (WHO). Additionally, about one-third of patients infected with HIV are co-

infected with tuberculosis (556), making this a big problem in the developing world.  

Robert Koch (557) identified Mycobacterium tuberculosis as the main causative agent of 

tuberculosis. It is mainly transmitted through the air in droplets but also via ingestion or 

accidental inoculation as has been described for M. bovis (558,559). About 5-10 % of 

those infected develop symptoms of pulmonary tuberculosis and become infectious. 
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However, most infected individuals develop a latent infection which may undergo re-

activation when the immune system is compromised, for example, through HIV infection 

or malnutrition.  

Additionally tuberculosis can be caused by Mycobacterium africanum and 

Mycobacterium bovis. The latter is responsible for tuberculosis in cattle, deer and other 

farm animals but can jump the species barrier and induce tuberculosis in humans for 

example by ingestion of infected milk, making it a common inducer of tuberculosis in the 

developing world (560). In the developed world Mycobacterium bovis resides in 

reservoirs such as the badger (Meles meles) in the UK and the common brushtail possum 

(Trichosurus vulpecula) in New Zealand, which spread tuberculosis to cattle and deer 

causing a major threat to the meat, dairy and farm industry (561).   

It has been proposed that repetitive antigen exposure, such as in chronic tuberculosis 

infection, favors the differentiation of effector CD4
+
 T cells (388) and control is 

dependent on the continuous presence of tuberculosis antigen (562). Roberts et al. (384) 

found that most CD4
+
 T cells within lung lesions are effector cells. Additionally, the 

persistence of antigen, might not allow the generation of memory (381,366), and only a 

small number of TEM could be found (376,388). Comparison of different types of T cells 

has shown that CD4
+
 T cells undergo a greater increase in number (376) and are more 

effective than CD8
+
 T cells in reducing Mycobacterium tuberculosis growth (563). Part 

of this control is mediated in an IFN-γ- independent manner (564). In vitro experiments 

showed that CD4
+
 T cells induce production of NO and TNF-α in bone marrow derived 

macrophages in an antigen specific manner, which is important to control Mycobacterium 

tuberculosis in Mo (564). 

Current treatment of tuberculosis infection consists of a cocktail of antibiotics such as 

isoniazid, rifampicin, pyrazinamide, streptomycin and ethambutol (WHO). However, the 

continued misuse of antibiotics has led to the generation of multi-drug resistant 

tuberculosis (MDR-TB) (565,566). However, MDR-TB can also arise spontaneously in 

patients that have not been treated with antibiotics (565). MDR-TB are defined as strains 

that are resistant to effective antibiotics such as rifampicin or isoniazid and require 

instead treatment with less effective drugs that cause severe side effects. Moreover, 

extensively drug resistant tuberculosis (XDR-TB) strains have evolved that are resistant 
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against rifampicin or isoniazide and at least one of three secondline antibiotics such as 

aminoglycosides (CDC,567). Infection with drug-resistant latent tuberculosis makes 

treatment very difficult and form a reservoir for reactivation of tuberculosis. Co-infection 

with HIV increases the risk of reactivate those latent infections and develop pulmonary 

tuberculosis (568). 

 

The BCG vaccine 

 

BCG is an attenuated variant of Mycobacterium bovis which is closely related to 

Mycobacterium tuberculosis (569), and named after Calmette and Guérin who isolated it 

from a cow and serially passaged it on potato slices supplemented with glycerol for 13 

years, monitoring the loss of virulence (570). This unwittingly applied selective pressure 

towards a glycerol metabolism by point mutations and tandem duplications such as DU1 

and DU2 (571). Mahairas et al. (572) used substractive genomic hybridization to 

compare sequences of Mycobacterium bovis with that of vaccine strains of BCG; and 

identified regions of difference (RD), see table 1.2. RD3 is absent in all BCG substrains, 

additionally, only a minority of clinical isolates of M. bovis has this region. RD2, 

containing mpt-64, is absent from all vaccine strains generated after 1925 but not in the 

original strain, however is present in all tested virulent lab strains of M. bovis. Finally, 

RD1 is absent from all BCG strains and present in all virulent clinical strains of M. bovis. 

Encoded in the RD1 operon, and therefore deleted in all BCG strains (573), are esxA and 

esxB (574). EsxA, the gene for early secreted antigen target 6 (ESAT-6) which is an 

antigen that induces strong Th1 responses (575). EsxB encodes for CFP-10 (576,574), 

which together with ESAT-6 forms a complex (577) that binds on the surface of 

macrophages (578). Pym et al. (574) showed that loss of RD1 and therefore ESAT-6 

contributes to the attenuation of BCG. Other genes, for example mceg which is important 

for cell entry and is repressed in BCG (579,571), contribute to attenuation. 
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operon, gene, protein or 

insertion sequence 

M. bovis BCG 

RD1 (572) present absent 

RD2 (572) present absent in strains generated 

after 1925 

RD3 (572) present in  minority absent 

esxA (ESAT-6) (573,574) present absent 

esxB (CFP-10) (574) present absent 

mpb-64 (573) present deleted in late strains 

mpt-64 (580,581) present absent in strains generated 

after 1925 

IS6110 (580,581) present deleted in late strains 

 

Table 1.2: Listed are operons, genes, proteins and insertion sequences absent or present 

in M. bovis and strains of BCG. The early strains include Tokyo, Birkhaug, Sweden and 

Russia. 

 

Calmette and Guerin passed the attenuated strain to other laboratories; these strains are 

referred to as the early strains: Japan, Birkhaug, Sweden and Russia. Each lab used 

different culture techniques which resulted in further over- and under-expression of 

certain proteins and thus in altered antigen repertoires such as different expression of 

surface proteins and immunodominant proteins. For example the early strain BCG Tokyo 

yields a higher IFN-γ, TNF-α and IL-2 production, lower IL-4 production and greater 

CD4
+
 and CD8

+
 T cell proliferation compared with the late Danish strain (582). There are 

also subtle genetic differences between the early and late BCG strains. For example, 

Abou-Zeid et al. (581) showed that early BCG strains possess mpb64 and two copies of 

the insertion sequence IS6110 (580).  

BCG vaccination is successful in many animal models (583,584,585,586), however in 

humans, the overall efficiency of vaccination with this strain shows a great range  

between 0 and + 80 % (583,587,588). Protection with BCG may also wane over time 

(589). Genetic differences in strains might account in part for the low efficiency of 
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vaccination, as well as the loss of memory over time (590). Other factors leading to 

variance in efficiency might include genetic differences between hosts. However, further 

work by Packe et al. (591) suggested that host genetics might play little role as protective 

efficacy of Asian and non-Asian children vaccinated in England do not show any 

differences in vaccine protection.  

 

The most likely contributor to the observed range in vaccine efficacy is the presence of 

environmental mycobacteria (EM), including Mycobacterium avium, that are present not 

only in the soil, but also in animal reservoirs such as birds and insects (592,593,594,595). 

Environmental bacteria hampers vaccination efficiency of BCG, as  vaccination of 

neonates who have not been significantly sensitized to EM is very successful  

(596,588,597). In countries with the lowest efficiency of vaccination with BCG, people 

are more likely to be exposed to EM (598), and response to BCG wanes quickly in those 

countries, compared to regions with minimal contact to environmental mycobacteria 

(599,600). This is independent of the vaccine strain used (592). Patients in the UK, where 

contact with EM is not common, show higher IFN-γ levels and DTH, than patients from 

the Karonga district in Malawi, an area with 0 % protection efficiency (587) and high 

prevalence of contact with EM. 

Sensitization with EM can inhibit BCG multiplication and therefore prevents induction of 

efficient BCG-mediated immune response and protection against tuberculosis in the lung 

(583). Additionally, exposure to environmental Mycobacteria might mask any protective 

effects of BCG and therefore any protective efficacy would be not be detectable  

(601,602). On the other hand,  immunity against EM might lead to cross reaction to BCG 

antigen, resulting in clearance of BCG from the host before protective immunity against 

Mycobacterium tuberculosis can be generated (583). Flaherty et al. (603) used a model to 

understand the effects of EM after vaccination with BCG and found that prior exposure to 

certain strains of live Mycobacterium avium in vaccinated animals reduces protective 

immunity against Mycobacterium tuberculosis as determined by the reduction of bacteria 

numbers in the lung after challenge. They hypothesized that infection with 

Mycobacterium avium, induces the deletion of antigen specific cells by apoptosis as they 

found elevated levels of CD95 on CD4
+
 and CD8

+
 T cells. However, they also showed 
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that antigen specific T cells were expanding and responding to antigen within the first 35 

days following Mycobacterium tuberculosis infection in vaccinated animals that had been 

exposed to Mycobacterium avium. Apart from the possible elimination of specific T cells, 

pre-exposure to environmental mycobacteria might lead to an imprint of an inappropriate 

Th2 response. The finding that an early observed IL-4 expression to BCG vaccination 

results in poor protective efficacy (604,605) supports this assumption.  

Others have argued that exposure to EM might lead to a natural protection against 

tuberculosis (587). Individuals sensitized with Mycobacterium intracellulare show a 

reduced risk to tuberculosis (606), therefore exposure to EM could be associated with a 

certain degree of protection against Mycobacterium tuberculosis (601,607). Additionally, 

Hart et al. (608,583) showed that some EM, for example Mycobacterium fortuitum, do 

not have any effect on BCG vaccination. 

Furthermore, inadequate activation of CD8
+
 T cells might account for the low efficacy of 

the vaccine in humans. CD8
+
 T cells are required for protection against pulmonary 

tuberculosis and for resistance during latent tuberculosis (609). Vaccination with BCG, 

however, might not be able to induce CD8
+
 T cell memory survival. Umemura et al. 

(610) used IL-15 transgenic mice that over-expressed IL-15 under the control of a MHC-I 

promoter and showed increased reduction of bacilli in the lung due to extended survival 

of CD8
+
 T cells. Additionally, viability of the vaccine results in differences in the 

expansion of CD8
+
 T cell pool. When DC infected with viable BCG and co-cultured with 

CD8
+ 
T cells an expansion of the cell pool could be observed accompanied with an 

increase in killing of BCG-infected macrophages and elevated production of IFN-γ, IL-

10, IL-12 and TNF-α. This could not be observed when DC were infected with dead BCG 

and co-cultured with CD8
+
 T cells (611). Additionally, the viability of bacilli in different 

vaccine preperations varied between 5 and 45 % (611). 

Oral vaccination with BCG 

 

A successful immune response to BCG requires the presence of live, replicating bacteria 

(612,613,614,615). And only vaccination with viable BCG has been demonstrated to 

generate T cells that can transfer immunity (616). Replicating bacteria are also a source 

for secreted molecules that can function as potent T cell antigen, as has been shown in 
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guinea pigs (617,618). Oral vaccination with live BCG resulted in immune response in 

peripheral blood, the spleen and Peyer’s patches however, oral vaccination with killed 

Mycobacterium tuberculosis did not induce an immune response (615). Additionally, it 

was shown that whilst living mycobacteria are in the phagosome, some mycobacterial 

antigens escape into the cytosol. These antigens may then be processed to stimulate both 

CD4
+
 and CD8

+
 T cells (618,619,620,621,622). This has also been shown in vitro using 

experimental infection of alveolar macrophages which are the primary host for inhaled 

mycobacteria. Lipoarabinomannan (LAM) a glycol-lipid associated with the cell wall of 

mycobacteria is actively transported out of the phagosome (623) and Beatty et al. showed 

that lipids are trafficked inside macrophages from phagosome to other organelles and are 

eventually released by infected macrophages (624,625). These released lipids have the 

ability to evoke production of pro-inflammatory cytokines by macrophages (626). 

Additionally, they are presented to T cells when bound on CD1b (627,628,629,630), 

which in turn leads to release cytokines such as IFN-γ by activated cells (627,631,625).  

Oral vaccination was widely used before the Luebeck disaster in 1930 where accidental 

substitution of M. tuberculosis for BCG led to the death of  68 children (559). The 

Luebeck disaster and the correlation of cervical lymphadenitis following oral vaccination  

lead to intra-dermal injection of live BCG in humans (632,633). However, the success of 

vaccination might be dependent on mode of transfer. Subcutaneous vaccination in mice 

leads to systemic activation of the immune system and oral vaccination to activation of 

mucosal immune response such as the GALT (634,635,636,637) but ineffective 

activation of systemic immunity (638,639,640). Due to common mechanisms of mucosal 

activation and lymphocyte homing patterns, activation of the GALT might lead to the 

protection of other mucosal surfaces such as the lung. Additionally, oral administration 

leads to the establishment of bacteria populations in the lymphatic tissues of the draining 

oral cavity and the alimentary tract (641,642). The specific targeting of the mucosal 

immune response using oral vaccination demands an optimum viability of orally 

administered mycobacteria, and protection from the harsh environment of the stomach 

(e.g. low pH) and degrading enzymes present in the small intestines. This can be provided 

by formulating bacteria into a lipid matrix. Lipids are only partially degraded in the 

stomach as the majority of enzymes being able to degrade lipids are present in the large 
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intestine (643,644,614,645). Additionally, feeding of lipids decreases movement of the 

GI tract (646) which might facilitate the transfer of BCG through the intestinal epithelium 

(635). Formulation using lipids leads to greater biodistribution of BCG in a range of 

lymphatic tissues, compared to aqueous BCG. For example formulation with lipid C 

(triglycerides of 1 % mysristic acid, 25 % palmitic acid, 15 % stearic acid, 50 % oleic 

acid and 6 % linoleic acid) (634,647) leads to infection of the mesenteric lymph nodes 

(648), whereas oral immunization with non-formulated BCG leads to cervical 

lymphadenitis, characterized by enlargement of the lymph nodes from which high 

numbers of  bacteria could be recovered (642). Both oral and subcutaneous vaccination 

lead to reduction of the bacterial burden and activation of the immune system measured 

via expression of IFN-γ when vaccinated mice were aerosol challenged with 

Mycobacterium bovis (649). In addition, reduction of the bacterial burden has also been 

shown in vitro (635). For protection of mice against aerosol challenge with M. bovis, 10
6 

CFU BCG (635,650) are needed for subcutaneous vaccination, however, for oral 

vaccination with formulated BCG 1-5x10
7
 CFU were used (651,652), mainly because the 

majority of bacteria used in oral vaccination is lost in feces. Successful vaccination using 

lipid-formulated BCG was also shown for mice (652), possum (634), cattle (653,654) and 

deer (655). However, oral vaccination of possums with aqueous BCG does not provide 

protection from lung challenge with Mycobacterium bovis further emphasizing the 

importance of lipid formulation for oral BCG vaccine efficacy (634).  

 

Aims 

This thesis aims to describe the factors leading to successful oral vaccination using BCG 

encapsulated into a lipid matrix. It is therefore, divided into three separate parts. In the 

first part (chapter 3) the distribution of the vaccine following oral vaccination is 

established in order to identify possible sources that could continuously provide antigen.  

This was done using fluorescence associated cell sorting and utilization of classical 

plating techniques. Furthermore, enumeration and distribution of the vaccine in these 

organs was established using different techniques such as MPN and PCR. 

Immunohistology was used to describe the association of BCG with typical antigen 

presenting cells. 
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The second part (chapter 4) addresses the question how antigen is presented and if these 

leads to antigen-specific activation of T cells. ELISA, ELISpot and proliferation assays 

were utilized to answer the questions using either in vivo of in vitro generated DC.  

In the final part of this thesis (chapter 5) the nature of antigen-specific T cells is 

established. As it is generally accepted that IFN-γ is important in the protection against 

tuberculosis (656) and IL-17 has been described to be important for host protection 

against pulmonary diseases (657,658), ELISA and ELISpot assays detecting these two 

cytokines are utilized. This chapter shall answer the question of the anatomical 

distribution of T cells, their phenotype i.e. memory cells and the expression of homing 

markers. 

Some of the results presented in this thesis, especially those presented in chapters 3 and 

chapter 5 have been published (659), however, they have all been conducted by  the 

author of this thesis.  
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Chapter 2: Methods 

Vaccination 

An overview of number of bacteria used during various forms of inoculation is given in 

table 2.1. 

Oral vaccination of mice 

Mice were housed in separate cages and deprived of chow, but with water ad libitum.  

 

Table 2.1: Number of colony forming units (CFU) used for different mycobacteria with 

different modes of inoculation (note M. bovis BCG includes M. bovis BCG-eGFP). 

 

Each mouse was vaccinated with 1 ml of lipid formulated BCG or BCG-eGFP (bearing a 

plasmid expressing green-fluorescent protein) containing 1-2×10
7 
CFU. The next day 

animals of a group were housed together and supplied with normal chow and water. 

Droplet feeding of mice with lipid formulated BCG  

One night prior to feeding, animals were housed without chow, but with water ad libitum. 

The next day mice were fed using a syringe containing 150 µl viable, lipid-formulated M. 

bovis Bacille Calmette Guérin Pasteur strain 1173 (BCG) or M. bovis BCG Pasteur strain 

1173-eGFP (660). For subcutaneous immunization, mice were inoculated with M. bovis 

BCG or M. avium ssp. hominus suspended in 100 µl PBS into the scruff of the neck using 

a 27 gauge needle.  

Intravenous inoculation 

Mice were put under a heat lamp for 5 min to visualize the tail vein. For inoculation, 

movement of mice was restricted using a perspex mouse holder and using a 27 gauge 

insulin needle, 10
6
 M. bovis BCG resuspended in 100 µl PBS was injected into the tail 

vein. Mice intravenously inoculated with M. bovis BCG were sacrificed 6 hours later. 
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Antibiotics, such as amikacin or streptomycin were inoculated at a concentration of 15 

mg/ kg in 100 µl PBS into the tail vein. Mice were sacrificed 1 hour to 16 hours post-

administration of antibiotics. 

Bacteria 

Cultivation of mycobacteria 

Mycobacteria were grown in flasks by adding approximately 2×10
8
 CFU to 20 ml 7H9 + 

ADC broth. Bacteria were incubated at 37˚ C + 5 % CO2. When cultures reached an 

optical density (OD600) of between 0.1-0.2, bacteria were transferred into a new flask and 

topped up to 200 ml with fresh 7H9 media and further incubated at 37˚ C + 5 % CO2.  

As the plasmid containing eGFP carries a kanamycin resistance gene, BCG-eGFP 

cultures were supplemented with 50-100 µg/ ml kanamycin sulphate (Sigma).  

Lipid formulation 

Bacteria were grown to an OD600 of 0.1 (~2×10
7 
CFU/ ml). BCG was then formulated 

into lipid-PK (1 % mystric acid, 25 % palmitic acid, 15 % stearic acid, 50 % oleic acid, 6 

% linolic acid) by Matthew Lambeth from Immune Solutions Inc as described earlier 

(635).  

Isolation of organs 

Isolation of blood 

The right ventrical of a sacrificed mouse was punctured using a 27 gauge needle. About 1 

ml blood was isolated per mouse and immediately transferred into an eppendorf tube 

containing 10 µl of EDTA as anticoagulant. 
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Figure 2.1: Overview of lymph nodes of the mouse. Additionally, the location of spleen 

and Peyer’s patches are shown. After a drawing of Dunn et al. (661). 

 

Isolation of lymph nodes and Peyer’s patches from mice 

Figure 2.1 shows an overview of the location of lymph nodes of mice, isolated for various 

experiments. Sacrificed mice were sprayed with ethanol and the skin carefully cut open 

without damaging the peritoneum. Organs were removed aseptically. Mesenteric lymph 

nodes (mesLN) were isolated from the mesenteric membranes located between the colon 

and the ileum. About five to eight mesLN were isolated from each mouse. Peyer’s 
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patches sit on top of the small intestine and were isolated holding a single patch between 

forceps and carefully cutting it off the gut using curved scissors. The gastric lymph node 

(gLN) was isolated from the lesser curvature of the stomach and the four cervical lymph 

nodes (cLN) located above the salivary glands isolated using watchmaker forceps. 

Brachial lymph nodes (bLN) and axilary lymph nodes (aLN) were close to the scapula 

and the axilary fossa as indicated in figure 2.1. Mediastinal lymph nodes (medLN) lie 

close to the trachea and were removed next. In case of doubt, isolated tissues were 

checked under an inverted microscope to be sure they were not mistaken as fat. All 

lymph nodes and Peyer’s patches were collected into petri dishes filled with 5 ml buffer 

or 7H9 broth.  

Isolation of non-lymphatic tissue of the mouse 

Sacrificed mice were sprayed with ethanol and a ventral incision made to expose the 

inferior vena cava which was then cut and the heart flushed with 5 ml PBS via the left 

ventricle. The lung was then removed aseptically using forceps and scissors and isolated 

organs collected in a petri dish filled with 5 ml HBSS or 7H9 media depending on the 

experiment. 

Cells 

Isolation of splenocytes 

Mice were sacrificed and the spleen aseptically removed, transferred into a petri dish 

filled with 5 ml Hanks buffered salt solution (HBSS), teased out with curved forceps, and 

filtered through a 70 µM sieve into a 50 ml falcon tube, topped up with HBSS and spun 

453 × g for 5 min at room temperature. The pellet was resuspended in red cell lysis buffer 

to exclude any erythrocytes and incubated at room temperature for 3 min; cells were then 

filtered through a 70 µM sieve, and washed in sterile PBS/1 % BSA/2 mM EDTA and 

spun 453 × g for 5 min at room temperature. Cells were resuspended in 1 ml sterile 

PBS/1 % BSA/2 mM EDTA or media depending on the experiment and counted.  
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Isolation of bone marrow derived cells (BMC) 

This protocol was used for isolating BMC to culture DC and macrophages (Mo). For 

experiments that involved pulsing murine cells with BCG or M. bovis, antibiotic-free 

media was used.  

Mice were sacrificed by CO2 asphyxiation, sprayed with 70 % ethanol and the skin on the 

ventral surface of the legs opened aseptically; care was taken to remove as much skin as 

possible. Legs were cut at the hip joint and as much flesh as possible was cut away from 

the bones. By applying pressure in the opposing direction of each joint, the femur and 

tibia were obtained relatively free of muscle tissue. Bones were placed in a petri dish and 

kept in 70 % ethanol for 2-3 min. Ethanol was drained by suction and bones washed 

twice in sterile PBS in the same petri dish. Bones were cut open at two ends and the bone 

marrow flushed out with 10 ml RPMI with 10 % FCS (R10) into a falcon tube using a 10 

ml syringe attached with a 27 gauge needle. Any cell aggregates were broken up by 

pipetting cells up and down; finally cells were filtered through a 70 µM sieve and 

counted in a hemocytometer.  

DC were cultivated in antibiotic free RPMI with 10 % FCS containing 5-10 % of the 

myeloma cell line Ag8653 which secrete GM-CSF (245). Bone marrow derived DC were 

grown in a petri dish or multi-well plates (see table 2.2) and incubated at 37˚ C + 5 % 

CO2. Every three days cells were fed, by changing the media, up to a maximum of nine 

days. Similarly, macrophages were grown in media containing 5-10 % of supernatant 

from the L929 cell-line known to promote macrophage generation. 

  

 

Table 2.2: Number of bone marrow derived cells (BMC) used for generation of DC or 

macrophages in petri dishes, 6 well plates or 12 well plates. 
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Isolation of cells from lymphatic tissue for flow cytometric analysis and MACS 

sorting 

Isolated lymphatic organs were collected into petri dishes filled with 5 ml HBSS 

containing 20 µg/ ml DNaseI. Using curved watchmaker forceps, lymph nodes and 

Peyer’s patches were teased apart. Next, 400 µl heat inactivated fetal calf serum (FCS) 

was added and disrupted tissues transferred into 50 ml falcon tubes. Any remaining cells 

in the dish were rinsed with 5 ml HBSS into the tube. Collagenase P at a concentration of 

0.5 mg/ ml was added and the tube incubated at 37˚ C + 5 % CO2 for 25 min in a battery-

powered tube rotator (MACS Miltenyi). Meanwhile, petri dishes were filled with 5 ml 

ice-cold Wuerzburger buffer (PBS, 0.3 % BSA, 5 mM EDTA, 20 µg/ ml DNaseI) and 

stored on ice until later. After incubation, 200 µl 0.5M EDTA (pH7.2) was added and 

remaining fragments were pressed through a coarse metal sieve, or alternatively through a 

70 µM sieve into the original petri dish using a rubber plunger. The sieve and petri dish 

were washed with Wuerzburger buffer and cells filtered through a 70 µm sieve into a 50 

ml falcon tube. The tube was topped up to 50 ml with Wuerzburger buffer and spun 515 

× g for 6 min at 4˚ C. The pellet was resuspended in media, buffer or 7H9 media 

according to the following experiment.  

In order to isolate bacteria from the leukocyte-free fraction, supernatant from the 515 × g 

spin was transferred into a 50 ml falcon tube, spun at 3220  × g for 30 minutes at room 

temperature. The pellet was washed once in PBS/2 mM EDTA and PBS respectively and 

finally, resuspended in 50 0µl 7H9 media and plated neat on 7H11 + OADC agar.   

Isolation of cells from lymphatic tissue for plating experiments (tracing) 

Isolated lymphatic organs were collected in petri dishes containing 5 ml 7H9 media. 

When BCG-eGFP was used, the petri dish for Peyer’s patches contained 50-100 µg/ ml 

kanamycin, to minimize contamination from gut-associated bacteria. Isolated lymph 

nodes, Peyer’s patches and spleen were macerated between sterile frosted microscope 

slides and disrupted tissues transferred into 15 ml falcon tubes. Tissues were spun at 3061 

× g for 20 min at room temperature. The pellet was resuspended in 500 µl 7H9 media and 

log dilutions plated in duplicate on 7H11 agar. Plates were incubated at 37˚ C + 5 % CO2 



 55 

overnight to allow drying, sealed the next day and incubated for 3 weeks at 37˚ C + 5 % 

CO2 upside down, before colonies were counted.  

Isolation of T cells using columns 

Mice subcutaneously vaccinated with mycobacteria were used as source for T cells. Two 

weeks post vaccination, mice were sacrificed and lymph nodes, spleen and Peyer’s 

patches pooled in a petri dish and gently teased out in 5-10 ml HBSS. Teased organs were 

filtered through a 70 µM sieve (Falcon BD), the petri dish washed with HBSS and 

filtered into the same tube. The filtrate was topped up to 50 ml with HBSS and cells spun 

453 × g for 5 min at room temperature. The pellet was resuspended in 10 ml red cell lysis 

buffer, incubated for 2 min and re-filtered through a 70 µM sieve. Filtrate was topped up 

to 50 ml with 0.1 % BSA/PBS and spun 453 × g for 15 min at room temperature. The 

pellet was resuspended in 1 ml 0.1 % BSA/PBS and transferred into a 15 ml falcon tube. 

Cells were counted and resuspended at 2×10
7
/ ml in 0.1 % BSA/PBS/5mM EDTA. Rat-

anti-mouse MHC-II antibody (I-A/I-E: clone 2G9 produced in house) in a concentration 

of 1µg/ ml and 500 µl of 12 mg/ ml 10× magnetically concentrated BIOMAG goat anti-

rat beads (Bangs laboratories cat# BM560) were added for every 10
8
 cells. Cells were 

incubated for 45 min at 4˚ C, then, the tube was placed in a Dynabead magnet (Dynal, 

Sydney, Australia) for 3-5 min until the solution cleared. Unlabelled cells were removed 

with sterile plastic Pasteur pipette, counted and pelleted (453 × g, 5 min) and resuspended 

at 10
6
/ ml in serum free medium (SFM; 5µg/ ml Insulin, 5 µg/ ml transferin, 0.1 % BSA 

in IMDM with 55 µM β-mercapto-ethanol).  

Nycodenz cell separation 

Cells isolated from spleen or lymph nodes were slowly resuspended in 10 ml 14.1 % 

nycodenz (308mOSM), pippetted up and down to break up all the clumps and transferred 

into a 15 ml falcon tube. The cell suspension was gently overlaid with 2 ml Shortman 

buffer (308mOSM) and spun at 652 × g for 20 min at 4˚ C with the break switched off. 

Low density cells were harvested from all layers except for the pellet and red cells and 

washed once in ice cold Wuerzburger buffer at 453 × g for 6 min at 4˚ C. 
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Cultivation of MH-S cells 

MH-S (ATCC #CRL-2019) cells were grown in R10 in culture flasks. Every 2-3 days 

cells were split by scraping adherent cells off the sides of the flask and resuspending cells 

in fresh R10. A maximum of five passages was performed.  

Uptake of BCG by DC and macrophages  

Bone marrow derived cells were isolated and cultured in media promoting generation of 

DC or macrophages. BCG-eGFP was added at different multiplicity of infection (MOI) 

directly to the cells. For certain experiments, prior to adding BCG, the inhibitor of actin 

polymerization, cytochalasin D was added in a concentration of 20 µM/ well to prevent 

phagocytosis. Cells were incubated at 37˚ C + 5 % CO2 overnight. For flow cytometric 

analysis, cells were harvested the next day using a sterile scraper and transferred into 15 

ml falcon tubes. Cells were spun 453 × g for 5 min at room temperature and supernatant 

was discarded. The pellet was resuspended in 300 µl sterile PBS/1 % BSA/2 mM EDTA 

and transferred into FACS tubes. 

Pulsing of cells  

For T cell stimulation assays, bone marrow derived cells (DC or Mo) were pulsed at MOI 

1:1 with BCG or Mycobacterium bovis to generate pulsed DC or Mo. Plates were 

incubated at 37˚ C + 5 % CO2 overnight and harvested the next day. 

Harvesting of BCG pulsed DC (DC-BCG) 

DC were harvested using a sterile cell scraper. Naïve DC and BCG pulsed DC were 

pooled into separate tubes and spun 453 × g for 5 min at room temperature. The 

supernatant was discarded and cells washed by resuspending in 50 ml sterile PBS and 

spinning 453 × g for 5 min at room temperature. Supernatant was discarded, cells 

resuspended in 1 ml sterile PBS and counted.  

Cryopreservation of cells 

Cells were spun at room temperature for 5 min at 453 × g and the supernatant discarded. 

Cells were then resuspended in freezing media (FCS/10 % DMSO) and aliquoted into 

cryovials. Cryovials were placed into a controlled temperature freezing chamber 
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(Nalgene #5100-0001) and stored overnight at -80˚ C. The next day, cryovials were 

transferred into liquid nitrogen.  

Thawing of cryopreserved cells 

To thaw cryopreserved cells, preheated (37˚ C) media containing 10 % FCS was added to 

cryovials. Concentration of DMSO was lowered by transferring cells into a 15 ml falcon 

tube containing 10 ml preheated media. After spinning cells at 453 × g for 5 min at room 

temperature, cells were resuspended in 1 ml media and counted. 

Assays 

Stimulation of sorted splenocytes 

Cells, sorted by MACS and FACS were counted and adjusted to 2×10
6 
cells/ ml. In most 

experiments, 2×10
5
 cells were added per well of 96- well round-bottom plate (Nunc cat# 

163320) with 5×10
3
 DC; either non-pulsed DC, BCG-pulsed DC (BCG-DC), M. bovis-

pulsed DC or DC pulsed with 30 µg/ ml PPD-B. In other wells, PPD-B was added to a 

final concentration of 30 µg/ ml or 100 µl of media (I-10 or serum free media depending 

on the experiment) were added. Plates were then incubated at 37˚ C + 5 % CO2 for three 

days. 

ELISA 

A flat bottom plate (Nunc maxisorp cat# 442404) was coated with 50µl/well purified 

coating antibody (see table 2.3 for list of antibodies used) at a final concentration of 2µg/ 

ml in PBS and incubated overnight at 4˚ C or for 1 hour at 37˚ C + 5 % CO2. The coated 

plate was washed three times with PBS/0.05 % tween 20 using a plate washer (Thermo 

labsystems) and blocked with 100 µl/well sterile PBS/1 % BSA at room temperature for 

10 min. The blocking solution was discarded by tapping the plate. 50 µl/well of the 

supernatant of stimulated splenocytes was transferred into the wells. Standards were 

serial diluted (50 µl/well) in sterile PBS/1 % BSA, ranging from 60 ng/ ml to 0 ng/ ml. 

The plate was then incubated overnight at 4˚ C, washed three times and, finally, 

50µl/well of biotinylated capture antibody was added at a concentration of 1µg/ ml in 

sterile PBS/1 % BSA. After incubation at room temperature for 45 min, the plate was 
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washed three times and 50 µl of streptavidin horse radish peroxidase (Dako cat# P0397) 

(1/5000) in sterile PBS/1 % BSA was added into each well. The plate was incubated at 

37˚ C + 5 % CO2 for 1 hour and washed three times. 50 µl of TMB (Zymed cat# 00-

2023) was added per well and the plate incubated at room temperature for 15-40 min in 

the dark. Enzymatic activity was stopped by adding 25 µl 2N H2SO4 per well. The plate 

was read in a microplate reader (Biorad 550) at 450 nm connected to a PC with 

Microplate Manager (version 5.2.1). Data was analysed in Graph Pad Prism and mean 

and standard deviation shown as bar chart with error bars.  
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Table 2.3: List of antibodies used in FACS, ELISA, ELISpot and histology.  

 

 

 

 

ELISpot 

For ELISpot assays the same antibody combinations were used as in ELISA (table 2.3). 

Multiscreen plates with immobolin-P membrane (Millipore cat# MAIPS4510) were used 
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and all work was done under sterile conditions. The membrane was pre-wetted by adding 

50 µl 35 % ethanol per well which was flicked out immediately and the plate washed 

twice with 200 µl/well sterile PBS (pH7.4). Wells were coated with 100µl/well of coating 

antibody at a final concentration of 2 µg/ ml in sterile PBS and incubated overnight at 4˚ 

C. Excess antibody was removed by flicking the plate and wells were washed five times 

with 200 µl/well sterile PBS. Unspecific bindig sites were blocked for 30 minutes at room 

temperature by adding 200 µl/well of medium. Blocking solution was flicked out and 100 

µl cell suspension and 50 µl stimulant or media were added to a final volume of 100 to 

150 µl. The plate was then wrapped in aluminum foil and incubated at 37˚ C + 5 % CO2 

for 12-48 hours. During this time it was crucial not to move the plate to prevent the 

formation of diffuse spots. After incubation, cells were removed by flicking the plate and 

washing five times with 200 µl/ ml sterile PBS. One hundred microlitre of biotinylated 

capture antibody in sterile PBS/0.05 % FCS was added per well at a final concentration 

of 1 µg/ ml and the plate incubated for two hours at room temperature. Liquid was flicked 

out and plate washed five times with 200 µl/well sterile PBS. Streptavidin-ALP (Mabtech 

cat# 3310-10) was diluted 1/1000 in sterile PBS/0.05 % FCS, 100µl/well was added and 

the plate incubated for one hour at room temperature. After an additionally washing step, 

substrate (BCIP/NBT-plus Mabtech cat# 3650-10) was filtered through a 0.45µm sieve 

and 100 µl/well added. The plate was incubated in the dark until distinct spots emerged. 

Color development was stopped by washing extensively with tap water. The plate tray 

was removed and the back of the membrane rinsed with tap water. The plate was dried 

overnight in the dark. ELISpot plates were read using an ADI plate reader connected to a 

PC with ADI ELISpot reader version 3.5 installed. A screenshot of the entire plate was 

taken and the number and appearance of spots compared with the manual readout done 

under a light microscope at a magnification of 10×. Spots are defined as having a dark 

centre and a diffuse halo. Data was presented as spot forming units per 10
6
 cells (SFU/10

6
 

cells). 

Magnetic bead sorting (MACS)  

Isolated cells were resuspended in 15 ml Wuerzburger buffer, counted and pelleted at 453 

× g for 5 min at 4˚ C. The pellet was resuspended in 150 µl Wuerzburger buffer and 1 µl 
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anti CD11c MACS beads (Miltenyi Biotec cat# 130-052-001) were added per 10
6 
cells, 

mixed well 2-3 times and incubated for 30 min at 4˚ C. After incubation cells were 

washed in 15 ml Wuerzburger buffer at 242 × g for 10 min and resuspended in 4 ml 

Wuerzburger buffer. Cells were loaded onto a large cell column attached to a magnet. 

CD11c negative fraction was reloaded onto the column and the column washed with 4 ml 

Wuerzburger buffer, this was done to ensure maximum yields. The column was then 

taken out of the magnet and labeled cells washed out with 4 ml Wuerzburger buffer by 

using a 5 ml syringe plunger. Positive and negative fractions were counted, centrifuged 

453 × g for 5 min at 4˚ C and resuspended to a concentration of 10
6
/ ml in serum free 

media. 

Automated magnetic bead sorting (AutoMACS) 

Isolated cells were resuspended in 1 ml Wuerzburger buffer and 1 µl anti CD11c MACS 

beads (Miltenyi Biotec cat# 130-052-001) per 10
6
 cells was added. The suspension was 

mixed well two to three times and incubated for 30 minutes at 4˚ C. After incubation cells 

were diluted in 15 ml Wuerzburger buffer in a 15 ml falcon tube and spun 242 × g for 10 

min. Supernatant was discarded and cells resuspended in 1 ml Wuerzburger buffer. The 

cells were then run through the autoMACS using the ‘possel_d’ program, which reloads 

the negative fraction, resulting in high yields. Positive and negative fractions were spun 

453 × g for 5 min at 4˚ C. Pellets were resuspended in 500 µl 7H9 media for plating on 

7H11 agar or in ultra culture and counted. In some cases 20-30 µl of the fractions were 

taken and prepared for flow cytometric analysis to check purity.     

Staining of cells for flow cytometric analysis 

Cells from each organ were resuspended in 250 µl buffer (Wuerzburger or HBSS) 

containing 5 % rat serum. Fifty microlitres of cells were aliquoted into FACS tubes and 

25 µl of diluted antibody (in general 0.5-1 µg of antibody per 10
8
 cells) was added and 

cells incubated for 15 min at room temperature. Table 2.3 shows a list of antibodies used 

for flow cytometric analysis. Buffer was added directly into the tube and tubes were spun 

453 × g for 5 min at room temperature. Supernatant was discarded and biotinylated 

primary antibody was detected with 50 µl of 1 µg/ ml streptavidin conjugated to a 
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fluorochome (SA-PE-CY5 BD Phar mingen cat# 554062). Cells were incubated at room 

temperature for 15 min and washed in buffer and spun 453 × g for 5 min at room 

temperature. Supernatant was discarded and pellet resuspended in 300 µl buffer. Cells 

were kept on ice until flowcytometric analysis.  

Flow cytometric analysis and FACS 

Cells were analysed using a Beckton Dickenson FACSaria or a Beckton Dickenson 

FACSCalibur gated according to their FSC-SSC profile and events expressed as 

percentages of counted events per gate. Acquired data was analysed using BD cell quest 

(version 5.1.1) or Flowjo (version 6.4.7). Cell sorts were either performed at high or 

medium pressure for T cells and low pressure for DC and macrophages. 

Proliferation assay  

For proliferation assays, cells were incubated in round bottom plates (Nunc cat# 163320) 

containing SFM. Splenocytes (2×10
5
) were added to wells containing 100µl of media, as 

negative control, or stimulants: either 30 µg/ ml PPD-B, 5×10
3
 naïve DC or 5×10

3
 BCG 

pulsed DC. Cells were then incubated for 3 days at 37˚ C + 5 % CO2. After incubation 

cells were pulsed by adding 1 µCu/ well sterile [methyl-
3
H] thymidine (GE healthcare 

cat# TRA120) and incubated overnight at 37˚ C + 5 % CO2.   

Harvesting cells using a Tom Tec Harvester 

Cells used in proliferation assay were harvested onto pre-wetted filter mats (Wallac cat# 

1450-421) using a Tom Tec Harvester, the day following pulsing with [methyl-
3
H] 

thymidine. The filter was placed into a sample bag (Wallac cat# 1450-437) and beta plate 

scintillation fluid (Wallac cat# SC/9200/4) was added and the bag sealed. Scintillation 

fluid was distributed evenly without generating bubbles. The sealed bag was placed into a 

cassette and radioactivity measured in a microbeta reader (Wallac 1450 Microbeta plus), 

connected to a PC with installed Wallac 50 microbeta windows workstation (version 

4.00.001).  
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Multiplex cytokine analysis (Lincoplex) 

The Lincoplex system (Linco Research, St Charles) allows detection of multiple 

cytokines within a single sample. Antibodies for the following cytokines were used: IL-

1β, IL-2, IL-12, IL-17, IFN-γ and TNF-α. Antibodies, cytokine controls and buffers were 

prepared according to manufacturers’ instructions. The filter plate was blocked by adding 

200 µl of assay buffer into each well. The plate was sealed and mixed on a plate shaker 

for 10 min at room temperature. Assay buffer was removed by vacuum, 25 µl of new 

assay buffer was added to the sample wells, and 25 µl of standard or control was added to 

the appropriate wells. Then, 25 µl of matrix solution was added to the background, 

standard and control wells, and 25 µl of sample to the appropriate wells. The bead bottle 

was vortexed for 60 seconds and 25 µl of mixed beads were added to each well. The plate 

was sealed, covered with aluminum foil and incubated on a plate shaker for 2 hours at 

room temperature.  Fluid was gently removed by vacuum and plates washed twice with 

200 µl/ well wash buffer. Wash buffer was removed by vacuum between washes. Twenty 

five microlitres of detection antibody cocktail was added into each well. The plate was 

sealed, covered with aluminum foil, and incubated on a plate shaker at room temperature 

for 60 min shaking vigorously. Twenty five microlitres of streptavidin-phycoerythrin was 

added directly into the wells containing detection antibody cocktail. The plate was sealed, 

covered with aluminum foil, and incubated on a plate shaker for 30 min at room 

temperature. All content was gently removed by vacuum and plate washed three times 

with 200 µl/ well wash buffer. Then, 100 µl of sheath fluid was added to the wells, the 

plate sealed, covered, and incubated on a plate shaker for 5 min. Next, the plate was run 

on a Lincoplex HTF system with installed Lincoplex manager 4.0 instrument reading 50 

beads per bead set in 50 µl sample size. Data was analyzed using Graph Pad prism.  

Most probable number (MPN) assay 

Lymph nodes or Peyer’s patches were aseptically removed from sacrificed mice, as has 

been described above. Isolated tissue was transferred into a well containing 1 ml of 

Broth-1 (7H9, 0.05 % tween 80, 0.1 % saponin, 20 µg/ ml DNAseI). Tissue was then 

teased using sterile forceps and further macerated using a plunger of a 10 ml syringe and 

cells disrupted by vigorous pippetting through a 23 gauge needle and resuspended in 1 ml 
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Broth-1. In case bacteria from culture were used, 1 ml of culture was transferred into 1 ml 

of Broth-1 and cells separated by pippetting through a 23 gauge needle.  

An undiluted sample was kept and cells were diluted (10
-1
 to 10

-9
) in Broth-2 (7H9, 0.05 

% tween 80). Fifty microlitre of each dilution was transferred into 5 wells containing 

150µl broth-2 and incubated for at least 5 days at 37˚ C + 5 % CO2. Plates were read 

every day up to 25 days. For some experiments, 500 µl of dilutions were additionally 

plated onto 7H11 agar plates. 

According to visible growth of bacteria, most probable numbers were calculated using the 

table (table 2.4) provided from the US Food and Drug Administration (FDA), source: 

http://www.fda.gov/Food/ScienceResearch/LaboratoryMethods/BacteriologicalAnalytical

ManualBAM/ucm109656.htm#tab3, which is based on the Poisson distribution and 

contains confidence intervals calculated according to De Man et al. (662). 

An example is given to illustrate the technique: Imagine an experiment where 5 of 5 wells 

showed growth in the wells containing 10
-4
 diluted sample, 2 out of 5 wells showed 

growth in 10
-5
 diluted sample and none of 5 wells showed growth containing 10

-6
 diluted 

sample. According to table 2.4, one can read 5-2-0 equals 49 MPN. However, as the table 

provides only the dilutions 0.1, 0.01 and 0.001, the number has to be adjusted for the 

factor of dilution, in our example a 3 log difference: 49×10
3
. Additionally, as only 50 µl 

of a 2 ml sample were plated per dilution, numbers have to be further multiplied by 40. 

Therefore: 49×10
3
×40 = 1.96×10

6
 MPN.  
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Table 2.4: Most probable numbers and confidence intervals were calculated according to 

this table: 

(http://www.fda.gov/Food/ScienceResearch/LaboratoryMethods/BacteriologicalAnalytic

alManualBAM/ucm109656.htm#tab3) 

Histology 

Storing and thawing of lymphatic organs for histology 

Lymph nodes and Peyer’s patches were isolated as described earlier and gently washed in 

PBS. Then, organs were transferred into a 1.5 ml eppendorf tube and snap frozen by 

emersion into liquid nitrogen. After that, tubes were immediately stored at -80˚ C. Frozen 
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organs were thawed at room temperature and immediately embedded into optimal 

freezing compound as described below. 

 

Freezing of organs in optimal freezing temperature compound (OCT) 

Figure 2.2: Overview of how Peyer’s 

patches can be cut. For most experiments, 

cutting along the z-axis was chosen.  

 

Organs were isolated as described earlier 

and washed in petri dishes containing 5 

ml PBS. Meanwhile moulds were put on 

dry ice and their bottom slightly covered 

with OCT (Tissue-Tek cat# 4583). Before 

placing organs into the mould, excess 

PBS was removed by briefly transferring organs onto Whatman paper. Organs were then 

transferred into chilled moulds (1-4 Peyer’s patches or 1-5 lymph nodes per mould) and 

completely covered with OCT. If necessary, their position was adjusted using forceps. 

When compound was completely frozen, moulds were transferred and stored at -80˚ C. 

Figure 2.2 shows how Peyer’s patches were frozen and cut, most Peyer’s patches were 

cut using the z-axis as this reveals the ileum, the border between ileum and follicle and 

multiple follicles in a single cut.  

Cutting of frozen tissue using a cryostat and fixing onto slides 

Frozen tissues were cut into 5-12 µm thin sections using a Leica CM1850UV cryostat. 

Sections were transferred onto histobond or double subbed gelatin slides and each slide 

contained up to two sections. Slides were dried in moving air for at least two hours or 

overnight at room temperature. Dried glass slides were etched around the section using a 

diamond pen, to confine applied liquid to the section. Dried slides were fixed in 75 % 

acetone/25 % ethanol at room temperature for 10 min and dried in moving air for another 

10 min. If sections were not used immediately, slides were stored at room temperature or 

at 4˚ C. For some experiments using fluorescent antibodies or Ziehl-Neelsen staining, 
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slides were fixed in 1 % or 4 % paraformaldehyde (PFA) at room temperature for 20 min. 

Fixed slides were washed in PBS for 30 min and incubated in 0.1 % triton-X/0.1 % 

sodium citrate for 2 min at room temperature. Before staining, slides were washed in PBS 

for 10 min. After this washing step, care was taken that sections did not dry out. 

Histology using single biotinylated antibody  

Fixed and washed slides were blocked for 10 min with 5 % rat- or goat-serum in PBS for 

10 min in a humid box. One hundred microlitres of biotinylated antibody in blocking 

solution was applied (antibody list see table 2.3) and slides incubated for 30 min. Slides 

were then washed with tris buffered saline (TBS) and endogenous alkaline phosphatase 

(ALP) activity of secretory cells (i.e. in Peyer’s patches) was blocked by applying 0.1 % 

levimasole for 10 min. 50µl of 1/200 streptavidin-ALP (Mabtech cat# 3310-10) in TBS 

was applied and slides incubated for 30 min. After incubation slides were washed once 

with TBS. Vector blue substrate (Vector cat# SK-5300) was prepared according to 

manufacturer’s instructions, applied and incubated for 15 min. Slides were rinsed with 

PBS and de-ionized water. Alternatively, biotinylated antibody was detected with 

streptavidin-HRP. In this case all washing was done with PBS/0.05 % tween 20. After 

antibody was applied and slides washed, 50 µl of streptavidin-HRP (Dako cat# PO397) 

1/200 in PBS was applied and slides incubated for 30 min. After incubation slides were 

washed once in PBS/0.05 % tween 20 and PBS respectively and incubated with AEC 

substrate for 15 min. Then, slides were rinsed once with PBS and sections counterstained 

with Meyer’s haematoxylin for 15 min and sections blued with TBS or Scott’s tap water. 

Finally, slides were rinsed with de-ionized water and cover slips were mounted using 

glycerol-gelatin.  

Double labeling 

In order to detect leukocytes in tissue slides, biotinylated antibodies were used and 

detected with streptavidin-ALP and Vector Blue (see above). Mycobacteria were marked 

with a specific rabbit-antibody that was detected with goat anti-rabbit HRP (Sigma cat# 

A0545) diluted 1/100 in PBS and stained with AEC. When Vector blue was used together 

with AEC, no counterstaining with Meyer’s haematoxylin was done.   
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Staining with DAB-Ni  

Fixed and washed slides were blocked for 10 min with 5 % goat-serum/PBS in a humid 

chamber. Subsequently, slides were incubated with DAB-Ni for 30 min at room 

temperature to stain intracellular peroxidases. Slides were washed with PBS/0.05 % 

tween 20 and BCG detected with a specific antibody and stained with AEC, as has been 

described above. 

Double labeling for confocal microscopy 

Slides were fixed in acetone/ethanol or PFA and washed in PBS and blocked with 5 % 

goat-serum/PBS for 30 min. To stain leukocytes, 100 µl of biotinylated antibodies (see 

table 2.3) in 5 % goat-serum/PBS were applied and slides incubated for 30 min at room 

temperature. Slides were washed in PBS/0.05 % tween 20 and 50 µl of diluted (5 µg/ ml) 

Alexa fluor streptavidin 488-HRP (Invitrogen cat# S11223) in PBS was added and slides 

incubated for 30 min. Slides were washed once with PBS/0.05 % tween 20 and PBS. 

BCG was detected by applying 100 µl of 1/100 diluted primary anti-BCG antibody in 5 

% goat-serum/PBS and incubating slides for 30 min. Slides were washed with PBS/0.05 

% tween 20 and 50 µl of 1/200 (10µg/ ml) anti-rabbit Alexa Fluor 546 (Invitrogen cat# 

A11035) in 5 % goat serum/PBS which contained 100ng/ ml DAPI to counter stain 

nuclei, was applied and slides incubated for 30 min and then washed once with PBS/0.05 

% tween 20, once with PBS and rinsed with de-ionized water. Finally, cover slips were 

mounted using Prolong Gold (Invitrogen cat# P36930) according to manufacturer’s 

instructions. Slides were left in the dark for 48 hours to set prior to visualization. If 

required, slides were stored at 4˚ C or at room temperature. 

Detection of mycobacteria by acid fast Ziehl-Neelsen stain 

To stain free mycobacteria, a thin smear was applied onto a clean microscope slide, air 

dried and fixed by passing the slide through a low flame three times. Alternatively, tissue 

sections were fixed in PFA as described earlier. Sections were flooded with carbofuchsin 

for 4 minutes, gently washed in running water and decolorized with hydrochloric acid 

denaturated methanol/ethanol. Sections were washed again, and counterstained with 

Meyer’s haematoxylin for 2-3 minutes and rinsed in Scott’s tap water. Finally, sections 

were washed under running water and air dried. Once the sections were dry, cover slips 
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were mounted using glycerol gelatin. Glycerol gelatin was prepared by dissolving 10g 

gelatine in 60 ml water with gentle heat. Next 70 ml glycerol was added. Ten millilitres 

aliquots were stored at 4˚ C and melted at 60˚ C, then maintained at 45
o
C for application 

to sections.  

Mounting cover slip with gelatin  

Slides used for immunohistochemistry were mounted in heated (45˚ C) glycerol-gelatin, 

taking care that no air-bubbles were created. Slides were air-dried in the dark overnight 

prior to analysis. 

Subbing slides 

Slides were sorted into metal racks and soaked overnight in pyrogen/dri-decon detergent 

and washed for 1 hour in hot running water. Slides were rinsed three times in distilled 

water and dried at 60˚ C. Slowly, 5 g of gelatin were added to 1l warmed water (60˚ C) 

and 0.25 g of chromium (II) potassium sulphate [CrK(SO4)2] were added. The solution 

was then carefully poured into a pre-warmed (60˚ C) dish taking care that no bubbles 

were formed. Racks were dipped into gelatin solution for 5-10 seconds, drained at 37˚ C 

for an hour and dried at 60˚ C for another hour. Gelatin coating was repeated a second 

time. Finally, slides were drained at 37˚ C for an hour and transferred to 60˚ C overnight 

to let them dry thoroughly. Subbed slides were stored at room temperature.  

Microscopy 

Sections stained for immunohistochemistry and immunofluorescence were analyzed 

using an Olympus BX51 microscope with a mounted Olympus DP70 camera 

and an Olympus U-RFL-T light source (mercury burner). Filters used for 

immunofluorescence were WU (excitation 380-385 nm, emission >420 nm), WIB 

(excitation 460-490 nm, emission 510 nm) and WIG (excitation 520-550 nm, emission 

>580 nm). Slides stained for immunofluorescence were also analyzed using a Zeiss 510 

confocal microscope. 



 71 

Image analysis 

Pictures were post-processed using Adobe Photoshop (version 7.0) and Zeiss LSM image 

browser (version 4.2.0.121). 

DNA extraction 

DNA extraction from mycobacteria grown in culture 

Samples of mycobacterial culture at varying concentrations were transferred into 

eppendorf tubes containing 400 µl TE buffer. Bacteria were heat-killed and partially 

lysed at 80˚ C for 20 min and cooled to room temperature. 500 µg of lysozyme was 

added, the tube vortexed and incubated at 37˚ C for 1 hour. After incubation, 70 µl of 10 

% SDS and 50 µl proteinase K were added, the tube vortexed shortly and incubated at 65˚ 

C for 10 min. Next, 100 µl of 5 M NaCl and 100 µl of pre-warmed (65˚ C) 

cethyltrimethylammonium bromide (CTAB)/NaCl solution (10 % CTAB, 4 % NaCl) 

were added and the tube was vortexed until content became milky and incubated at 65˚ C 

for 10 min. Next, 750 µl phenol-chloroform-isoamyl alcohol (25:24:1) were added, the 

tube vortexed for 10 seconds and centrifuged for 8 min at 2174 × g at room temperature. 

The aqueous supernatant was transferred into a fresh eppendorf tube and phenol removed 

by adding an equal volume of chloroform. The tube was vortexed and centrifuged at 2174 

× g for 10 min. The aqueous supernatant was removed and transferred into a fresh 

eppendorf tube. Nucleic acids were precipitated by the addition of 450 µl isopropanol; the 

tube inverted a couple of times and incubated at -20˚ C for 30 min. Then, the tube was 

spun for 15 min at 2174 × g at room temperature. Supernatant was removed and washed 

with 1 ml of cold 70 % ethanol for 5 min at 2174 × g at room temperature. The 

supernatant was removed and residual ethanol was removed by briefly centrifuging the 

tube at 2174 × g. Finally the pellet was dried with open lid for 5-10 min and DNA 

resuspended in distilled water. 

DNA extraction from tissue 

Organs were removed from a sacrificed mouse and teased apart in 5 ml HBSS. Disrupted 

tissue was spun 515 × g for 20 min and pellet resuspended in 500 µl digestion buffer. Ten 
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microlitres lysozyme (500 µg) was added, the tube vortexed and incubated at 37˚ C for 

one hour. After incubation 100 µg proteinase K was added and the tissue incubated for 

another two to 16 hours. Samples were then incubated at 100˚ C in a water bath for 15 

min, approximately 200 µl beads were added and tubes shaken for another 15 min. DNA 

was extracted by adding 500 µl phenol-chloroform-isoamyl alcohol (25:24:1), vortexing 

the tube for 20 seconds and spinning at 21741 × g for 15 min. The DNA containing layer 

was transferred into a new tube and phenol removed by adding 400 µl chloroform, 

vortexing shortly and spinning at 2174 × g for 15 min. The aqueous layer was 

resuspended in 500 µl TE buffer and DNA was precipitated by adding 1 ml absolute 

ethanol and 0.2 M NaCl. Samples were then centrifuged 2174 × g for 30 min at 4˚ C. 

Supernatant was carefully removed and pellet washed by adding 1 ml 70 % ethanol. 

Samples were spun at 2174 × g for 10 min and ethanol carefully removed. Any residual 

ethanol was removed by briefly centrifuging the tube at 2174 × g. Finally nucleic acid 

was air dried for five to ten minutes and re-dissolved in distilled water. 

Deter mining DNA concentration in Nano Drop 

The absorbance of isolated DNA in distilled water was measured at 260 nm and 280 nm 

using a Thermo Scientific Nano Drop 1000 spectrometer and the concentration of DNA 

calculated with installed software version 3.7.1. Additionally, purity of DNA was 

determined as ratio of absorbance at 260 nm to 280 nm. If the ratio was less than 1.8, 

DNA was cleaned of residual phenol as described above. 

End-point PCR 

PCR was performed on mycobacterial DNA isolated from either culture or tissue. 

Concentration of DNA used in endpoint PCR ranged between 200 pg and 1000 pg and 

were added to master mixes as listed in table 2.5 and run in a PCR machine. Primer 

sequences are listed in table 2.6. First, DNA was denaturated at 95˚ C for 10 min 

followed by 50 cycles of denaturation at 94˚ C for 30 sec, annealing at 58˚ C for 30 sec 

and elongation at 65˚ C for 1 min. After 50 cycles, a final elongation step was added for 

10 min at 65˚ C. Following PCR, DNA was run on a 1.5 % agarose gel (Invitrogen 

Ultrapure agarose cat# 15510-027) at 85 Volts with variable current. 
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Table 2.5: Master mixes for PCR using either RD1 specific primers ET1-3 or 

mycobacterial-specific 16S rRNA (MYCGEN) primer. Concentrations per reaction are 

listed. Taq was obtained from Roche (cat# 11 146 165 001). 

 

 

 

Table 2.6: Primers used in end-point PCR targeting either region of differentiation 1 

(RD1) or mycobacterial 16S rRNA. 

 

Statistical analysis 

In most experiments no statistical analysis was performed due to the complexity of these 

experiments, which require isolation of different types of cells from different mice. 

Instead experiments were repeated multiple times at different days using different groups 

of mice and emphasis was placed on reproducibility and thus descriptive statistics was 

applied. Statistical analysis of such a small sample number is not valid as sample 

distribution cannot be applied. As these experiments are done in triplicates or duplicates, 

data is represented as average and standard deviation shows the variation within the 

assay. 

Where appropriate an unpaired t-test was utilized to establish significant differences. 

 



 74 

 

Chapter 3:  Vaccine distribution following oral 

vaccination 

A key requirement for successful vaccination is the generation of protective memory T 

cells, which for mycobacterial responses, often requires the presence of living bacteria 

that provide a continuous source of antigen. Additionally, secreted antigens released from 

living bacteria may provide an important contribution to immunity (663,664,665). 

Therfore, this chapter deals with the distribution of the vaccine following oral 

vaccination. Additionally, intraveneous and subcutaneous injection is used at times. 

Subcutaneous administration was also used as comparison to the oral route. Additionally, 

as this route results in a much faster establishment of reservoirs (two weeks compared to 

twelve weeks following oral vaccination) it was chosen to establish functionality of 

various assays, for example the use of amikacin or streptomycin to test for extra cellular 

forms of BCG. Intravenous injection results in accumulation of BCG in the spleen of 

injected mice as fast as six hours post injection. This method was therefore chosen for 

establishment if BCG can be stained with rabbit-anti BCG.  

 

The first part of this chapter includes preliminary experiments, such as the description of 

typical colony forming units of BCG expressing green-fluorescent protein, establishment 

of possible toxic effects of Collagenase which is used during isolation of leukocytes and 

optimization of techniques used in immunohistochemistry such as orientation of Peyer’s 

patches and testing various antibodies.  

The second part deals with the identification of reservoirs of BCG in the first eight weeks 

following oral vaccination using plating of organs on selective agar. Followed by 

establishing any association of BCG with immune cells via immunohistochemistry, 

confocal microcopy and fluorescent and magnetic associate cells sorting that was 

followed by plating.   

The third part of this chapter deals with the attempts to enumerate the appearances of 

non-platable forms of mycobacteria. This includes comparisons of colony forming units, 

recovery in liquid media using MPN assays and PCR. 



 75 

Preliminary experiments 

In order to answer the question of vaccine distribution following oral vaccination with 

lipid encapsulated BCG an array of different techniques was used. In plating experiments, 

organs from sacrificed mice were isolated, macerated and plated onto selective agar that 

favors the growth of mycobacteria. Also, tissues were digested in presence of 

Collagenase P and divided into leukocyte-containing or leukocyte-free fractions 

according to variations in velocity under centrifugal force or density. In some 

experiments, the leukocyte-enriched fraction was then sorted using antibodies bound to 

magnetic beads (MACS), or to fluorescent beads (FACS). Lastly, tissues were isolated, 

frozen and cut into 10 µM thick sections using a cryostat. Leukocytes and mycobacteria 

were detected with specific antibodies and visualized using immunohistochemistry and 

confocal microscopy.  

Expression of green fluorescent protein (GFP) by BCG 

BCG that constitutively expresses GFP (BCG-eGFP) was a kind donation of Professor 

Micheal O’Donnell and Associated Professor Glenn Buchan. GFP espression is under the 

control of the mycobacterial heat shock protein 70  promoter (660) (figure 3.1) was 

chosen in plating experiments. This was done to ensure that mycobacteria detected on 

selective agar could be linked to lipid-formulated bacteria used in oral vaccination. Figure 

3.2a shows BCG growing onto selective agar, forming characteristic colonies. In figure 

3.2b the same colonies were illuminated under UV-light, resulting in a green fluorescence 

of all colonies. Although the eGFP was plasmid encoded, reversion of colonies to eGFP
-
 

was not noted, even following 12 weeks in vivo (data not shown). 

Collagenase P digestion of lymphatic tissue 

Collagenase P was used to digest tissues such as lymph nodes and Peyer’s patches in the 

process of lymphocyte isolation. In vitro experiments were executed to rule out any 

cytotoxic effects of Collagenase P. Bone marrow-derived DC (BMDC) were treated with 

Collagenase P for 25 min at 37˚ C followed by staining with propidium iodide (PI). This 

dye stains the DNA of dead and dying cells as it can pass through its disrupted 

membrane. As can be seen in figure 3.3a Collagenase P treatment did not result in the 
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death of bone marrow-derived DC. In an additional experiment, in vitro generated DC 

were pulsed with BCG overnight, allowing the bacteria enough time to be internalized by 

these cells. The next day, pulsed cells were treated with Collagenase P, fractioned into 

leukocyte-containing and leukocyte-free fractions and plated onto selective agar. 

Treatment with Collagenase P did not result in DC releasing bacteria (figure 3.3b). 

Therefore it was concluded that digestion with Collagenase P is not accompanied by any 

cytotoxic effects.    

Optimization of Peyer’s patches sectioning 

Peyer’s patches were cut in three different ways according to figure 3.4c. This was 

performed to establish which section orientation would result in the optimal resolution of 

distinct anatomical sites, such as follicles and inter-follicular areas without the need for 

counter-staining of cells characteristic for these sites, for example B cells and T cells. 

Sectioning along the x-axis only shows the dome area of a patch (figure 3.4d). Sectioning 

along the y-axis shows the patch as well as the lumen and epithelia (figure 3.4a). 

However, this orientation only allows the investigation of one patch at a time. Finally, 

sectioning along the z-axis allows the investigation of several patches at time, whilst still 

maintaining the visibility of the epithelial cells and muscular cells (figure 3.4b). Also, the 

small size made it possible to freeze multiple cuts of Peyer’s patches at one time. 

Anatomy of Peyer’s patches and mesenteric lymph nodes 

Peyer’s patches were sectioned along the z-axis (figure 3.4b) and were stained with 

Meyer’s haematoxylin to reveal nuclei. Mesenteric lymph nodes were sectioned and 

stained for the expression of CD11c, a marker of DC. Lymph nodes are surrounded by a 

capsule and can be divided in B cell containing follicles and T cell containing inter-

follicular areas. CD11c
+
 DC are mainly present in the T cell-containing area, but can also 

be found in B cell-containing areas (figure 3.5a).  

The anatomy of Peyer’s patches is more complex. A layer of epithelial cells is orientated 

towards the lumen and interrupted by the dome of the Peyer’s patch. A maximum of three 

domes could be visualized per Peyer’s patch. The mesenteric lymph nodes and Peyer’s 

patches can be divided into B cell-containing follicles (circle in figure 3.5b) and T cell-
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containing (inter-follicular) areas. Towards the peritoneal cavity, Peyer’s patches are 

lined with muscular cells.   
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Figure 3.1: BCG-eGFP constitutively expressed green fluorescent protein. BCG was 

grown in selective media, washed and analyzed via FACS. Bacteria were gated to include 

living cells (a) and GFP expression (solid line) was seen as a green signal in the FL-1 

channel (b). In comparison, BCG not expressing eGFP (grey line) does not show a signal 

in the FL-1 channel. Percentages of positive cells are written above the gate. 

 

 

 

b) 

a) 
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Figure 3.2: Colonies of BCG-eGFP fluorescent green under UV-light. BCG-eGFP was 

isolated from Peyer’s patches of an orally vaccinated mouse 8 weeks post vaccination and 

grown onto selective agar. After two to three weeks, characteristic BCG colonies 

emerged (a) which when visualized under UV-light, emitted a green fluorescence (b).  

b) 

a) 
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Figure 3.3: Collagenase is not cytotoxic to DC. Bone marrow-derived DC (BMDC) were 

incubated with Collagenase P for 25  min at 37˚ C. Cells were subsequently stained with 

propidium iodide. Results show mean percentage ± SD of living cells (PI
-
) (duplicates) 

(a). Additionally, BMDC were pulsed with BCG at MOI 1:1 overnight and treated with 

Collagenase P. Leukocytes and leukocyte-free fractions were plated to determine 

distribution of bacteria and graphed as mean CFU ± SD (duplicates) (b). Representative 

of two experiments performed.  

a) 

 

b)  
b) 
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Figure 3.4: Peyer’s patches can be sectioned in three different ways. The figure shows 

different cuts from Peyer’s patches stained with Meyer’s haematoxylin. The gut was cut 

left and right from a Peyer’s patch, washed and embedded into freezing media, cut along 

the y-axis (a) according to the sketch (c). Peyer’s patches removed of the surface of the 

gut (snips) could be cut along the x-axis (d) or z-axis (b). Arrows show direction of 

cutting from first to last slide. Magnification of (a) & (d) ×4 and (b) ×10. 

 

 

b) a) 

c) d) 
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Figure 3.5: Anatomy of mesenteric lymph nodes and Peyer’s patches. Tissue was isolated 

from orally vaccinated mice 12 weeks post vaccination and cut into 10µm thick sections 

using a cryostat. Mesenteric lymph nodes were stained for the expression of CD11c (a) 

and Peyer’s patches were stained with Meyer’s haematoxylin to reveal nuclei (b). Bc: 

follicle containing B cells, Tc: area occupied by T cells. Magnification ×10. 

b) 

a) 
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Testing antibodies in histology and FACS analysis 

Leukocyte-specific antibodies were tested on splenocytes and on spleen sections from 

orally vaccinated mice using FACS and immunohistochemistry. The results for markers 

of T cells (Thy1.2), B cells (CD19), macrophages (F4/80) and DC (CD11c) are shown in 

figures 3.6 and 3.7. During FACS analysis, splenocytes were gated to include leukocytes. 

All four antibodies could be detected using FACS (figure 3.6). Staining of splenocytes 

with 10 µg/ ml F4/80 resulted in only 7 % of leukocytes being F4/80
+
 (figure 3.6a). When 

the same antibody was used in histology, macrophages could be identified populating the 

red pulp and being absent from the white pulp (figure 3.7a). B cells, DC and T cells could 

be found in the white pulp, the latter around the periarteriolar lymphoid sheath (PALS) 

(figure 3.7b-d). DC could additionally be found in the red pulp.  

Rabbit anti-BCG was tested on spleen sections of mice intravenously injected with 10
6
 

CFU BCG, which revealed high numbers of bacteria in the spleen. Figure 3.8a shows 

three rods lying together and figure 3.8b shows one rod lying next to an unstained cell. 

 

Location of BCG in orally vaccinated mice 

Identification of lymphatic reservoirs of BCG 

To identify the nature of possible reservoirs, four mice per group were droplet-fed with 

2×10
7
 colony forming units (CFU) of lipid-encapsulated BCG constitutively expressing 

green fluorescent protein. Mice were sacrificed six hours, 24 hours, 48 hours, six days 

and 56 days post vaccination. Lymphatic and non-lymphatic organs were isolated, 

processed and plated onto selective agar. Additionally, blood was drawn through the right 

ventricle and directly plated onto selective agar. Figure 3.9 and table 3.1 show that six 

hours post vaccination, BCG could be found both in lymphatic and non-lymphatic organs 

as well as in the blood. BCG could be detected in the Peyer’s patches of all four animals, 

reaching the highest CFU. 
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Figure 3.6: Testing of leukocyte-specific antibodies on splenocytes and bone marrow-

derived DC. Splenocytes were isolated from naïve mice and stained with biotinylated 

antibodies against F4/80 (a), CD19 (b) and Thy1.2 (c) (black line). DC were generated in 

vitro from bone marrow-derived cells and stained with an antibody against CD11c (d). 

All antibodies were biotinylated and detected with streptavidin conjugated to PE-dye. 

Percentages of positive cells are shown above the gate. Grey line: isotype control. 

 

 

 

 

b) a) 

c) d) 
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Figure 3.7: Testing of lymphocyte-specific antibodies on spleen sections. The spleen was 

isolated from a naïve mouse and cut into 10µm thick sections using a cryostat. Tissue was 

then stained for the expression of F4/80 (a), CD19 (b), CD11c (c), and Thy1.2 (d). 

Specific staining was visualized with AEC substrate (red) and counter stained using 

Meyer’s haematoxylin. Scale equals 100 µm (×10).  

 

 

 

 

 

 

b) a) 

c) d) 
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Figure 3.8: BCG detected in spleen sections. Mice were intravenously injected with 10
6
 

CFU BCG and sacrificed six hours later. Spleen was isolated, frozen and cut into 10 µm 

thin sections using a cryostat. Sections were stained for the expression of F4/80 (a) and 

B220 (b) and visualized with alkaline phosphatase and Vector blue substrate. BCG was 

detected with a rabbit anti-BCG antibody and visualized with horseradish peroxidase and 

AEC (red) substrate. Arrows mark AEC
+
 rods. Scale equals 5 µm (×100, oil). 

a) 

b) 
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One day post vaccination, BCG was cleared from the blood and the majority of isolated 

organs (see figure 3.9). Only Peyer’s patches, mesenteric lymph nodes and the lung 

showed detectable numbers of mycobacteria (figure 3.9a and table 3.1). The proportion of 

animals harboring BCG in the Peyer’s patches and mesenteric lymph nodes did not 

change, however, absolute numbers of BCG declined. The opposite was observed in the 

lungs. BCG was present in the lung of all four animals tested and the average numbers of 

colony forming units (CFU) increased slightly (figure 3.9b and table 3.1). This trend 

continued the following day for Peyer’s patches and lung. Even though BCG was cleared 

of the cervical lymph nodes the previous day, one mouse showed detectable levels two 

days post vaccination.  

Six days after oral vaccination, numbers of CFU in the lung and proportion of mice 

harboring BCG in the lung declined (figure 3.9b and table 3.1). However, CFU increased 

in the cervical and mesenteric lymph nodes, where at least two of four animals showed 

BCG in either organ (figure 3.9a and table 3.1). In the Peyer’s patches the numbers of 

BCG continued to decline and one animal did not show any mycobacteria in this organ. 

Finally, eight weeks post vaccination BCG was cleared from the lung of all four animals 

(figure 3.9b and table 3.1). In the alimentary lymphatics, numbers of CFU steadily 

increased with the majority of mycobacteria being recovered from the mesenteric lymph 

nodes (figure 3.9a). Interestingly, bacteria could be recovered from the cervical lymph 

nodes and Peyer’s patches of all four mice in this group (table 3.1). This was the only 

time point that BCG could be found in the liver of one mouse. Also, one of four mice 

showed high numbers of BCG in the spleen (figure 3.9b); however, this was not seen 

when the experiment was repeated (data not shown). BCG was never recovered from 

mediastinal lymph nodes of orally vaccinated mice (figure 3.9b and table 3.1). 

In summary, mesenteric lymph nodes showed an increase in numbers of bacteria from six 

hours to eight weeks post vaccination and three out of four mice could be detected 

harboring BCG at late time points, compared to two out of four shortly after vaccination. 

A similar result could be observed in cervical lymph nodes. After being cleared of 

mycobacteria by the second day, bacteria re-populated cervical lymph nodes of all four 

animals eight weeks post vaccination. The highest number of colony forming units was 

reached in the Peyer’s patches 6 hours following oral vaccination, numbers then 
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continuously declined until they recovered eight weeks later. However, at all time points 

BCG could be detected in at least three out of four animals in these organs. This shows 

that BCG is associated with alimentary tract lymphatics following oral administration of 

lipid-encapsulated vaccine.  

To establish the distribution of BCG in Peyer’s patches and mesenteric lymph nodes 

following oral vaccination with lipid-formulated BCG, tissue sections were stained with 

rabbit anti-BCG. BCG could never be found within B cell-containing follicles but was 

present in inter-follicular areas, where T cells reside. Additionally, bacteria lie between or 

close to epithelial cells (figure 3.10) and between muscular cells towards the peritoneal 

cavity (figure 3.11b). 
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Figure 3.9: BCG is associated with alimentary tract lymphatics following oral 

vaccination. Four mice per group were orally vaccinated with 2×10
7
 CFU lipid-

encapsulated BCG. Mice were sacrificed six hours, 24 hours, 48 hours, six days and 56 

days post vaccination. Lymphatic, non-lymphatic organs and blood were isolated, 

processed and plated onto selective agar. Mean CFU + SD of BCG (four mice/organ). 

Representative of two experiments conducted.   

a) 

b) 
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Table 3.1: Distribution of BCG in orally vaccinated mice over the time course of eight 

weeks. Four mice per group were orally vaccinated with 2×10
7
 CFU lipid-encapsulated 

BCG. Mice were sacrificed six hours, 24 hours, 48 hours, six days and 56 days post 

vaccination. Lymphatic, non-lymphatic organs and blood were isolated, processed and 

plated onto selective agar. cLN: cervical lymph nodes, gLN: gastric lymph node, PP: 

Peyer’s patches, mesLN: mesenteric lymph nodes, medLN: mediastinal lymph nodes. 

Alimentary tract lymphatics are printed in blue. Representative of two experiments 

performed.   
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Association of BCG with immune cells 

Mesenteric lymph nodes and Peyer’s patches were isolated from mice orally vaccinated 

with lipid-encapsulated BCG and cells stained against MHC class II using anti-I-E
d,k
, 

(clone 14-4-4) and rabbit anti-BCG. Histology revealed that the bacterium is associated 

with cells positive for MHC-II. Figure 3.12 shows a red-stained rod lying within a blue-

stained (MHC-II
+
) cell located at the inter-follicular area of a Peyer’s patch. However, 

BCG could also be found to be associated with MHC-II
-
 cells.  

To further identify the phenotype of MHC-II
+
 cells, tissue slides of mesenteric lymph 

nodes and Peyer’s patches from orally vaccinated mice were stained for the expression of 

F4/80 a marker for macrophages, B220 (CD45RA) a marker for B cells or CD11c as 

marker for DC. BCG was detected with a specific antibody as described earlier. In none 

of the examined slides, was BCG associated with stained macrophages (F4/80
+
) or B 

cells (B220
+
) (figure 3.11a, b). However, as figure 3.13b shows, two rods are lying on the 

border between blue stained CD11c
+
 cells and non-stained CD11c

-
 cells, close to a 

weakly stained cell. Rods could also be found not associated with CD11c
+
 cells as figure 

3.13a shows.  

Association of BCG with antigen presenting cells was also investigated using plating of 

leukocyte-containing fractions. Peyer’s patches and mesenteric lymph nodes were 

isolated from orally vaccinated mice, digested with Collagenase P and separated into 

leukocyte-containing and leukocyte-free fractions. The leukocyte-containing fraction was 

further separated depending on the expression of CD11c and F4/80 using magnetic 

(MACS) or fluorescent (FACS) sorting. As figure 3.14a shows, BCG is associated with 

both CD11c
+
 and CD11c

-
 cells, but not with F4/80

+
 cells. However, the majority of 

isolated bacteria were recovered from the leukocyte-free fraction. 
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Figure 3.10: BCG is not associated with follicles of Peyer’s patches. Peyer’s patches 

from orally vaccinated mice were removed 12 weeks post vaccination and cut into 10 µm 

thin sections. Tissues were stained with Meyer’s haematoxylin and BCG was detected 

with a rabbit-anti BCG antibody visualized with AEC (red). (a) Shows BCG located in 

the epithelial layer and on the border to a follicle. (b) Shows the rare event of a rod inside 

a cell that was located close to the epithelial layer. Arrow marks AEC positive rods. Fc: 

follicle, IF: inter-follicular area. Scale of overview equals 100 µm (×10), scale of inserts 

equals 5µm (×100, oil).   

b) 

a) 

Fc 

Fc 

Fc 

Fc 
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Figure 3.11: BCG is not associated with F4/80
+
 or B220

+
 cells. Peyer’s patches from 

orally vaccinated mice were isolated, cut into 10 µm thick sections, and stained for the 

expression of F4/80 (a) and B220 (b), which was visualized with blue substrate. BCG 

was visualized with AEC (red). Arrows mark AEC positive rods. Fc: follicle, IF: inter-

follicular area. Scale equals 100 µm (×10) and scale of inserts equals 5 µm (×100, oil).  

 

b) 

a) 

Fc 

Fc 

Fc 

Fc 
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Figure 3.12: BCG is occasionally associated with MHC class II
+
 cells. Peyer’s patches 

from orally vaccinated mice were isolated and cut into 10 µm thin sections. Cells were 

stained with Vector blue to visualize specific binding of anti-MHC class II antibody (14-

4-4; anti-I-E). BCG was marked with a specific antibody and stained red using AEC. Fc: 

follicle, IF: inter-follicular area. Scale equals 100 µm (×10) and 5 µm (×100, oil) for the 

insert. Position of BCG is marked by an arrow. Fc: follicle, IF: inter-follicular area.  
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Figure 3.13: BCG is rarely associated with CD11c
+
 cells. Mesenteric lymph nodes (a) 

and Peyer’s patches (b) from orally vaccinated mice were isolated and cut into 10 µm 

thick sections. DC were stained for the expression of CD11c and detected with Vector 

blue substrate. BCG was marked and visualized with AEC (red). Arrow marks AEC 

positive rod. Fc: follicle, IF: inter-follicular area. Scale equals 100 µm (×10) in (a) and 

(×20) in (b). Scale of inserts equals 5 µm (×100, oil).  

 

 

 

b) 

a) 
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To further investigate the nature of BCG harboring cells in the Peyer’s patches and 

mesenteric lymph nodes of orally vaccinated mice, tissue slides were labeled for CD11b, 

which is expressed on myeloid DC, immature macrophages, granulocytes and 

neutrophils. Figures 3.15a & b show that at least some BCG can be found within CD11b
+
 

cells. 

Utilizing FACS, leukocytes from mesenteric lymph nodes were sorted for the expression 

of CD11c and CD11b. No bacteria could be recovered from fractions plated onto 

selective agar (figure 3.14b). Even though BCG was found to be associated with CD11b
+
 

cells using histology, this could not be validated via FACS sorting of CD11b
+
 cells and 

subsequent plating. To test whether these CD11b
+
 cells include granulocytes such as 

neutrophils, intracellular peroxidase was stained with DAB-Ni. Despite BCG being 

associated with CD11b
+
 cells, these do not include cells expressing intracellular 

peroxidase (figure 3.16), making an association of BCG with neutrophils, granulocytes or 

mast cells unlikely. 

As rods were mainly located in T cell-containing inter-follicular areas of Peyer’s patches 

and mesenteric lymph nodes, tissue slides were stained for the expression of Thy1.2. 

Figure 3.17b shows a confocal micrograph of a red-labeled rod (Alexa-fluor 546) 

associated with a green-labeled Thy1.2 positive cell (Alexa-fluor 488). Additionally, a 

small stretch of membrane can be seen between the rod and the blue/black stained 

nucleus of the cell (DAPI), suggesting that the bacterium is in an extracellular position 

between the cell membranes of the Thy1.2
+
 cells. 

 

Filamentous BCG in lymphoid tissue 

Screening of histology slides for the presence of BCG showed that the bacterium were 

rarely found intracellularly (figure 3.12a, 3.15a). Instead, the majority of bacteria were 

present outside of cells either as individual rods or forming small groups of up to three 

rods (figure 3.8, 3.10b, 3.11a and 3.17). To further validate this observation mesenteric 

lymph nodes and Peyer’s patches isolated 12 weeks following oral vaccination were 

digested and divided into leukocyte-containing and leukocyte-free fractions according to 

differences in velocity sedimentation or density. The majority of colony forming units 
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was recovered from the leukocyte-free fraction, validating the observations made during 

histology (figure 3.14).  
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Figure 3.14: BCG persists in a mainly extracellular location. Mesenteric lymph nodes 

and Peyer’s patches from three orally vaccinated mice were isolated and separated into 

leukocyte-containing and leukocyte-free fractions. Leukocytes were sorted for the 

expression of CD11c, F4/80 (a) and co-expression of CD11c and CD11b (b) via MACS 

or FACS. Leukocytes and leukocyte-free fraction were plated onto selective agar. 

Presence of bacteria in fractions is graphed as mean colony forming units (CFU) ± SD of 

triplicates. Representative of three experiments performed.  

a) 

b) 
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Figure 3.15: BCG is associated with CD11b
+
 cells. Mesenteric lymph nodes and Peyer’s 

patches from orally vaccinated mice were isolated and cut into 10 µm thin sections. Cells 

were stained with Vector blue for expression of CD11b and BCG was marked using a 

rabbit anti-BCG antibody visualized with AEC. The positions of BCG rods are marked 

by arrows. Scale bar equals 5µm (×100, oil). 

 

 

 

b) 

a) 
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Figure 3.16: BCG is not associated with peroxidase
+
 cells. Peyer’s patches were isolated 

from orally vaccinated mice and cut into 10 µm thin sections. Tissue was then incubated 

with DAB-Ni to stain cells bearing intracellular peroxidase. BCG was stained with a 

specific antibody and visualized with AEC. Arrows mark the position of bacteria, asterisk 

marks peroxidase
+ 
cell. Scale equals 5µm (×100, oil).   

b) 

a) 



 101 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.17: BCG is associated with Thy1.2
+
 cells. Peyer’s patches were isolated from 

orally vaccinated mice and cut into 10 µm thin sections. Cells were labeled with 

biotinylated Thy1.2 specific antibody. The antibody was detected with streptavidin bound 

to a fluorescent dye (Alexa fluor 488). BCG was marked with a specific antibody that 

was detected with an antibody conjugated to a fluorescent dye (Alexa fluor 546); nuclei 

were stained blue with DAPI. Tissue was then analyzed using confocal microscopy. (a) 

Shows the true colors of red bacteria and green cells. In (b) pictures were taken along the 

z-axis in gaps of 0.56 µm, the x-axis shows that BCG lies in blue cell membrane 

separated from the nucleus. Colors were adjusted to show more contrast: tissue is blue, 

bacteria white and nuclei black. Arrows mark position of BCG. Scale equals 5 µm (×100, 

oil). Asterisk shows the same spot. 

b) 

a) 
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Use of amikacin to test for the extracellular location of BCG  

To further investigate the extracellular location of BCG, experiments were conducted 

utilizing the antibiotics amikacin and streptomycin, which are part of a minoglycoside 

family. They inhibit protein synthesis by binding to 16S rRNA (666) and diffuse poorly 

through cell membranes (667,668). These antibiotics should have the property of only 

killing extracellular mycobacteria. Additionally, Mycobacterium avium ssp. hominus was 

chosen as a pathogenic member of the genus mycobacteria as it has been shown to mainly 

persist intracellularly following subcutaneous injection (669).   

Optimization experiments were conducted to establish the concentration of amikacin and 

streptomycin. Cultures of Mycobacterium avium ssp. hominus and BCG were incubated 

with 100 or 200 µg/ ml amikacin or streptomycin. Figure 3.19a shows, that BCG is 

highly susceptible to both streptomycin and amikacin. However, Mycobacterium avium 

ssp. hominus, showed a reduction in CFU by only ~25 % when incubated with 100µg/ ml 

amikacin. Treatment with a higher concentration of this antibiotic or with streptomycin 

did not show reduction of growth. 

Next, mice were subcutaneously injected in the scruff of the neck with either 

Mycobacterium avium ssp. hominus (10
6 
CFU) or BCG (10

6 
CFU). Cervical lymph nodes, 

brachial lymph nodes and axillary lymph nodes were pooled, divided into leukocyte-

containing and leukocyte-free fractions and plated onto selective agar. Figure 3.18b 

shows that high numbers of Mycobacterium avium ssp. hominus were recovered in both 

leukocyte-containing and leukocyte-free fractions, with the majority of Mycobacterium 

avium ssp. hominus being part of the latter fraction. In comparison, only minimal colony 

forming units of BCG could be recovered in either fraction. Additional histology data 

revealed that injection of Mycobacterium avium ssp. hominus results in the formation of 

clusters of antigen deposition around bacterial cells (figure 3.18a).  

In order to test the effect of amikacin on extracellular and intracellular mycobacteria, 

bone marrow-derived macrophages were mixed with either BCG or Mycobacterium 

avium ssp. hominus for five minutes at room temperature to allow some bacterial 

adherence to cell membranes, but not uptake (‘extracellular’). The mixture of 

macrophages and bacteria was then incubated with 100µg/ ml amikacin for one hour (at 

37˚ C + 5 % CO2), washed (3220 × g) and plated onto selective agar. Additionally, bone 
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marrow-derived macrophages were incubated with either mycobacteria overnight at 37˚ 

C + 5 % CO2, to allow mycobacteria to be internalized by cells (‘intracellular’), after 

which cells were incubated with amikacin (100 µg/ ml for one hour), followed by a 

washing step and plating of cells onto selective agar. As positive control culture of either 

bacterium were plated directly onto selective agar. Figure 3.19b shows that BCG present 

inside of macrophages is protected against amikacin (figure 3.19b ‘3’) and killed if it is 

extracellular (figure 3.19b ‘2‘). When cells were incubated with Mycobacterium avium 

ssp. hominus a reduction in the number of colony forming units could be observed in the 

presence of amikacin. However, amikacin was not able to fully eradicate extracellular 

Mycobacterium avium ssp. hominus (figure 3.19b ‘2’).  
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Figure 3.18: Mycobacterium avium colonization of draining lymph nodes results in 

diffuse antigen deposition. Mice were subcutaneously injected with 10
6
 CFU 

Mycobacterium avium or BCG. Axillary, brachial and cervical lymph nodes were isolated 

from sacrificed mice four weeks post vaccination. (a) Lymph nodes from mice injected 

with Mycobacterium avium were cut into 10 µm thin sections and detected with rabbit 

anti-BCG which was visualized with AEC (red). Nuclei were counterstained with 

Meyer’s haematoxylin (blue). Asterisk marks macrophage shaped cell, bar equals 5 µm 

(×100, oil). (b) Lymph nodes were processed and divided into leukocyte-containing and 

leukocyte-free fractions and plated onto selective agar and graphed as mean CFU ± SD 

(triplicates). Unpaired t-test: *  p < 0.0005, n.s.: non-significant. 

a) 

b) 
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Figure 3.19: BCG is susceptible to amikacin and streptomycin. (a) Cultures of 

Mycobacterium avium ssp hominus and BCG were incubated with streptomycin (S) or 

amikacin (A) at concentrations of 100µg/ ml or 200µg/ ml and plated onto selective agar. 

Cultures of mycobacteria grown in absence of antibiotics were plated as control onto 

7H11 agar (nil). (b) Bone-marrow derived macrophages were incubated with either 

Mycobacterium avium or BCG for 5 min at room temperature (2) or overnight at 37˚ C + 

5 % CO2 (3) and subsequently treated with 100µg/ ml amikacin washed and plated onto 

selective agar. As positive control, cultures of either bacterium were plated directly onto 

7H11 agar (1). Results are graphed as mean ± SD (duplicates). One representative of two 

experiments conducted. 

a) 

b) 
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Effect of amikacin on mice subcutaneously injected with 

mycobacteria  

To establish if amikacin is able to target extracellular bacteria in vivo, mice were 

subcutaneously injected with either BCG or Mycobacterium avium (10
6 
CFU). Two 

weeks later, half of the animals were injected intravenously with 15 mg/kg amikacin. The 

next day, axillary, brachial and cervical lymph nodes were isolated and fractioned into 

leukocyte-containing and leukocyte-free fractions and plated onto selective agar. 

Animals that were not treated with amikacin showed high numbers of Mycobacterium 

avium in both the leukocyte-containing and leukocyte-free fractions (figure 3.20). 

Compared to Mycobacterium avium, lower numbers of BCG were recovered from both 

fractions of mice not injected with amikacin. In both cases, more mycobacteria were 

recovered from the leukocyte-free fraction. However, when amikacin was injected, the 

antibiotic was neither able to kill mycobacteria internalized by leukocytes nor those 

persisting extracellularly.  

 

Coccoid forms of BCG 

 

Detection of BCG with rabbit anti-BCG antibody revealed the presence of sparse, mainly 

extracellular rods in immunohistochemistry and confocal microscopy. However, when 

mesenteric lymph nodes and Peyer’s patches from orally vaccinated mice were Ziehl-

Neelsen stained, multiple coccoid forms could be observed. Figure 3.21a shows an 

overview of a small area of a mesenteric lymph node. Large aggregates of cocci could be 

found towards the sub-capsular space. Acid fast staining was able to stain both coccoid 

aggregations inside cells (figure 3.21b asteristik), as well as single rods lying outside cells 

(figure 3.21b arrow). Figure 3.21c shows a large aggregation of cocci that appear to be 

intracellular. In comparison, using rabbit anti-BCG resulted in detection of rods but not 

cocci (figure 3.21d). Additionally, small aggregations of two cocci or single cocci could 

be seen in Ziehl-Neelsen stained tissue (figure 3.22). 

In order to establish if coccoid forms of BCG could be recovered using plating 

techniques, the vaccine strain was subcutaneously injected in the scruff of the neck of 
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C57BL/6 mice (10
6
 CFU). After 2-4 weeks, draining lymph nodes, namely the axillary, 

brachial and cervical lymph nodes were isolated. Half of the tissue was used in histology 

and stained with carbolfuchsin or rabbit anti-BCG and bacteria isolated form the 

remaining tissue and plated onto selective agar. Figure 3.23a shows that not more than 20 

colony forming units could be recovered in either leukocyte-containing or leukocyte-free 

fraction of the draining lymph nodes. 
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Figure 3.20: Amikacin is not able to kill mycobacteria in vivo. Six mice were 

subcutaneously injected with 10
6
 CFU Mycobacterium avium (a) or BCG (b). Two weeks 

later, three mice per group were treated with 15mg/kg amikacin overnight while the other 

three mice were left untreated. Axillary, brachial and cervical lymph nodes were isolated 

and fractioned into leukocyte-containing and leukocyte-free fractions and plated onto 

selective agar. Mean CFU ± SD were graphed. MAV: Mycobacterium avium. 

Representative experiment of two performed. 

 

 

 

 

a) 

b) 
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Figure 3.21: BCG persists as individual rods or can form large groups of cocci. 

Mesenteric lymph nodes and Peyer’s patches from orally vaccinated mice were cut into 

10 µm thin sections and BCG detected via acid fast staining. Nuclei were counterstained 

with Meyer’s haematoxylin (a-c). Arrow marks acid fast positive rod and asterisk acid 

fast positive cocci (b). In (d) BCG was detected via immunohistochemistry (AEC) and 

observed using a blue filter to increase contrast. One single rod can be seen. Scale in (a) 

is 100 µm (×20) and 5 µm (×100, oil) in (b-d).  

 

 

 

 

b) a) 

c) d) 
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Figure 3.22: Small aggregations of cocci. Mesenteric lymph nodes isolated 12 weeks 

post vaccination from orally vaccinated mice (2x10
7
 CFU) were cut into 10 µm thin 

sections and BCG was detected via acid fast staining. Cocci in the upper left corner are 

out of focus because they do not lie on the same level as the lower right cocci. Tissue was 

counterstained with Meyer’s haematoxylin. Scale equals 5 µm (×100, oil). 
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However, when tissues were acid fast stained, large accumulations of cocci could be 

found along the sub-capsular space of mesenteric lymph nodes yet were absent from the 

follicles. Additionally, they seemed to reside in macrophage-like cells (figure 3.23c 

insert). Interestingly, there was a large discrepancy between numbers of bacteria 

recovered using plating methods and observations made in histology. In the small section 

of the lymph node (figure 3.23b) ~70 cocci could be counted, however, only 6-18 CFU 

were recovered in the leukocyte-containing and leukocyte-free fractions. This 

discrepancy might be explained with cocci not being platable onto selective agar. 

Interestingly, cocci were negative, or only weakly detected using the BCG-specific 

antibody (figure 3.23b).  

BCG in subcutaneously infected IFN-γ-/- mice 

To investigate the relation of IFN-γ with the appearance of coccoid forms of 

mycobacteria, IFN-γ
-/-
 mice were subcutaneously injected with 10

6
 CFU BCG. After four 

weeks, draining lymph nodes were processed as described before. Interestingly only 

minimal numbers of bacteria could be recovered from axillary lymph nodes and none 

from cervical or brachial lymph nodes, however, the latter were massively enlarged and 

showed a great abundance of acid fast positive cocci in the sub-capsular space (figure 

3.24a). Interestingly, cocci were variably stained using rabbit anti-BCG, suggesting that 

some coccoid forms may have altered their outer membrane structure or composition. 

Figure 3.24b-1 shows that cocci have been internalized by cells. In addition to cocci, 

large quantities of antigen deposits, (see figure 3.24b-2) were observed. However, in this 

set of experiments, I was unable to visualize BCG rods in tissues from IFN
-/-
 mice.  

As a comparison, mice were injected with 10
6
 CFU Mycobacterium avium and draining 

lymph nodes were isolated 2 weeks later. Frozen tissue sections were either stained with 

Ziehl-Neelsen, or with rabbit anti-BCG. As well as rods (figure 3.18), cocci could be 

found in the draining lymph nodes (figure 3.25). These were not associated with follicles 

and appeared to be in an intercellular location (figure 3.25a). Interestingly, cocci could 

not be detected with a BCG-specific antibody and were most visible when using 

differential interference contrast (figure 3.25c). However, rabbit anti-BCG antibody 
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stained antigen deposits that seem to have been secreted by M. avium ssp. hominus, or 

alternatively, could be the remnants of destroyed bacteria (figure 3.25b). 

Recovery of non-platable mycobacteria 

As the previous data showed, tissue sections showed high numbers of coccoid forms 

whilst only low numbers of CFU were recovered on solid media, namely 7H11 agar 

plates. This suggests that at least some forms of BCG and Mycobacterium avium ssp. 

hominus are non-platable. Anuchin et al. (670) showed that coccoid forms of 

Mycobacterium smegmatis were unable to grow on solid media but could be recovered in 

liquid media. Additionally, Biketov et al. (671) presented evidence that there are huge 

differences in recovery rates using solid or liquid medium. Most probable number assays 

(MPN) were chosen to estimate numbers of mycobacteria following oral and 

subcutaneous vaccination, as this method has been shown to detect even small numbers 

of environmental bacteria in soil or waste water (672).  

Comparison of different enumeration techniques 

Different enumeration techniques were compared, including plating of bacteria to 

establish colony-forming units (CFU) and the MPN assay. 

BCG was grown to mid-log phase in 7H9 media. An MPN assay was performed using ten 

dilutions (neat to 10
-9
) with five replications. Figure 3.26 shows an example of an MPN 

assay run in a 96 well microtiter plate. Additionally, dilutions of the sample (neat to 10
-9
) 

were plated in duplicates onto solid 7H11 agar. Recovery of cultured BCG using either 

solid or liquid media resulted in equal numbers (figure 3.27a).  

Recovery of in vivo BCG using MPN  

Mice were subcutaneously vaccinated with 10
6 
CFU BCG and sacrificed two weeks post 

vaccination. Brachial lymph nodes were isolated and processed to isolate bacteria. 

Samples were divided into different dilutions and plated directly onto 7H11 plates in 

duplicates to establish number of colony forming units. Furthermore, ten dilutions in five 

replications were grown in 7H9 media to estimate most the probable numbers. Plates 

were counted 2-3 weeks later, while the MPN assay was monitored over a period of one 

week.  
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Figure 3.27b shows a markedly difference between cells recovered using liquid media 

and solid agar. The number of bacteria growing on solid media is well below the 

calculated lower confidence for the MPN assay and the estimated number of this MPN 

assay is almost ten times higher than the counted CFU. This fits well with the 

observations made using immunohistochemistry showing many more coccoid forms than 

rods. An additional experiment performed comparing the time span required for 

recovering bacteria grown in culture and those from subcutaneously vaccinated mice, 

showed a five day lag before they could be enumerated in liquid media, compared to the 

fast growing BCG recovered from culture (figure 3.28). 

Comparison of MPN and CFU from orally vaccinated mice 

To further test the distribution of non-platable forms of BCG in orally vaccinated mice, 

bacteria were isolated from mesenteric lymph nodes and Peyer’s patches 12 weeks post 

vaccination and divided into leukocyte-containing and leukocyte-free fractions. Numbers 

of bacteria were then estimated performing MPN assays or plating onto 7H11 plates. 

Despite the obvious differences noted using these techniques for subcutaneous lymph 

nodes, no differences could be observed in the number of bacteria recovered via plating 

or in liquid media (MPN assays) (figure 3.29) from mesenteric lymph nodes. However, 

bacteria recovered from Peyer’s patches showed an 18 day lag before recovery could be 

measured.  

Detection of BCG using PCR 

Oral and subcutaneous vaccination with BCG results in the formation of non-platable 

forms, resulting in very different recovery rate when comparing liquid and solid media. In 

order to determine more accurate numbers of BCG present in subcutaneously and orally 

vaccinated mice, real time PCR (RT-PCR) was chosen. 

 

Two different sets of primers were chosen to detect BCG. Forward and reverse primers 

were used that target the highly preserved mycobacterial 16S rRNA gene (673)  and have 

been designed by Wilton et al. (673) (MYCGEN) (figure 3.30a). Additionally, primers 

ET1-3, which were designed by Talbot et al. (674) and target the RD1 region were used. 
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This region is absent from BCG but present in Mycobacterium bovis, and the 

combination of forward and reverse primers can be used to detect BCG (figure 3.30b).  

 

Detection of BCG in vivo using PCR 

Mice were orally vaccinated with lipid-encapsulated BCG (2×10
7 
CFU) and mesenteric 

lymph nodes and Peyer’s patches removed eight weeks post vaccination. DNA was 

isolated from these organs and from the spleen of a mouse intravenously infected with 

10
6 
CFU BCG. DNA isolated from cultures of Mycobacterium bovis, Mycobacterium 

avium ssp. hominus and BCG were used as controls. PCR was performed using 200-100 

pg of DNA and either targeted RD1 (ET1-3) or 16S rRNA gene (MYCOGEN) (figure 

3.31). 

Amplification of DNA from cultured Mycobacterium avium ssp. hominus does not 

generate a band showing that primers ET1-3 are indeed Mycobacterium bovis specific. 

Amplified DNA from cultured BCG generated the characteristic 200 bp band due to the 

absence of the ET2 binding site in RD1. Additionally, amplified DNA isolated from 

cultured Mycobacterium bovis generated a 150bp band due to the presence of RD1 and 

the ET2 binding site. However, amplification of various concentrations of DNA (200 pg, 

500 pg and 1000 pg) isolated from mesenteric lymph nodes or Peyer’s patches from 

orally vaccinated mice did not result in the formation of any visible bands. Amplification 

of DNA isolated from the spleen of intravenously infected mice, generated bands close to 

150 bp. However, as these mice were injected with BCG and not Mycobacterium bovis it 

is likely that these bands are unspecific (figure 3.31a).  

When mycobacteria specific 16S rRNA primers were used the result was similar (figure 

3.31b). DNA isolated from cultured Mycobacterium avium ssp. hominus, Mycobacterium 

bovis or BCG generated a 1030 bp band. However, amplification of DNA from orally 

vaccinated mice did not show any visible bands. Again, amplification of DNA from mice 

intravenously injected with BCG resulted in bands around the 150 bp mark, further 

implicating that these might be unspecific.  

To further test this hypothesis, DNA isolated from a second mouse intravenously infected 

with BCG (10
6 
CFU), as well as form a mouse that has not come into contact with 

mycobacteria. The result is shown in figure 3.32. While DNA amplified from BCG and 
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Mycobacterium bovis grown in vitro generated the characteristic 200 bp and 150 bp band 

respectively using ET1-3 primer, neither DNA from mice intravenously injected with 10
6 

CFU BCG or from naïve mouse generate any visible bands (figure 3.32a). When 

mycobacterial specific 16S rRNA primers were used, no bands were visible when DNA 

isolated from spleens was amplified (figure 3.32b).  

Summary of vaccine distribution following oral vaccination 

Oral administration with the vaccine strain encapsulated in lipids results in the 

predominant distribution of BCG in the alimentary tract lymphatics. Early after 

vaccination, the mycobacteria are mainly found in the Peyer’s patches; however, eight 

weeks after oral vaccination, mesenteric lymph nodes contained the highest numbers of 

BCG. Additionally, the bacteria are never present in the follicle of either tissue but can be 

found in the inter-follicular T cell area. Despite being associated with MHC class II
+
 

cells, BCG is not found in proximity of macrophages and B cells and only rarely was 

found to be associated with CD11c
+
 cells. Furthermore, BCG was not associated with 

cells containing intracellular peroxidase such as granulocytes and neutrophils. Apart from 

MHC class II
+
 cells, the mycobacterium was found to be associated with Thy1.2

+
 and 

CD11b
+
 cells.  

Immunohistochemistry and plating of leukocytes and leukocyte-free fractions isolated 

from either Peyer’s patches or mesenteric lymph nodes revealed that the majority of BCG 

persists extracellularly. Only a minority could be found inside CD11c
+ 
cells using FACS 

sorting accompanied by plating.  

Using Ziehl-Neelsen staining revealed the presence of coccoid forms of BCG in orally 

vaccinated mice. The emergence of cocci could also be observed in animals injected with 

more pathogenic mycobacteria (Mycobacterium avium ssp hominus), or in IFN-γ
-/-
 mice 

injected with BCG, ruling out a major role of IFNγ in the formation of cocci. Cocci were 

absent from the follicles of mesenteric lymph nodes, but instead could be found in the 

sub-capsular space where they were associated with macrophage-like cells. The use of 

liquid or solid media for recovering BCG growing in culture did not show any differences 

in recovered numbers of bacteria. However, when bacteria were recovered form brachial 

lymph nodes of subcutaneously vaccinated mice, numbers differed greatly showing 
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almost ten times higher bacterial numbers using liquid media to solid media. However, 

when numbers were compared for BCG isolated from Peyer’s patches or mesenteric 

lymph nodes following oral vaccination, no differences could be observed using either 

method. In order to more accurately enumerate bacterial numbers and compare it to the 

observations made during immunohistochemistry and CFU recovered on selective media, 

quantitative PCR was chosen. Primers either target RD1 or mycobacterial 16S rRNA. In 

principle, signals obtained by PCR for in vivo tissue could be quantitated to CFU counts 

by comparison to BCG (of known concentration) grown in vitro. However, end-point 

PCR was not able to detect BCG in spleens of intravenously infected mice or in the 

alimentary tract lymphatics of orally vaccinated mice.  
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Figure 3.23: Discrepancy in numbers of BCG recovered in plating and counted in 

histology. Six mice were subcutaneously injected with 10
6
 CFU BCG and sacrificed four 

weeks later. The axillary, brachial and cervical lymph nodes of three mice were isolated 

and divided into leukocyte-containing and leukocyte-free fractions which were 

subsequently plated onto selective agar (a). Mean CFU ± SD were graphed. Axillary, 

brachial and cervical lymph nodes of the other three mice were cut into 10 µm thin 

sections and mycobacteria visualized via acid fast staining (c) or immunohistochemistry 

using BCG-specific antibody and AEC (red) (b). Additionally, nuclei were counter-

stained blue with Meyer’s haematoxylin. Scale in (c) equals 100 µm (×10), scale of (b) 

and insert in (c) equals 5 µm (×100, oil). Numbers in (b) equal numbers of cocci counted 

in this section of the cervical lymph node. Representative of two experiments performed. 

a) b) 

c) 



 118 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.24: BCG form cocci in subcutaneously injected IFN-γ
-/-
 mice. Five IFN-γ

-/-
 mice 

were subcutaneously injected with BCG (10
6
 CFU). Three weeks later mice were 

sacrificed and axillary, brachial and cervical lymph nodes isolated. Organs of two mice 

were cut into sections (10 µm) and bacteria detected via acid fast staining (a) or in 

immunohistochemistry using a BCG-specific antibody and red substrate AEC (b). 

Additionally, lymph nodes of three mice were plated onto selective agar and recovered 

bacteria (CFU) graphed as mean CFU ± SD (three mice per group) (c). Scale in (a) equals 

100 µm (×10) and scale (b) and insert of (a) equals 5 µm (×100, oil). 

 

a) b) 

c) 
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Figure 3.25: Coccoid forms of Mycobacterium avium ssp. hominus. Mice were 

subcutaneously injected with 10
6
 CFU Mycobacterium avium ssp. hominus and sacrificed 

three weeks later. Axillary, brachial and cervical lymph nodes were removed, cut and 

mycobacterium either stained via acid fast staining (a) or immunohistochemistry using 

BCG-specific antibody visualized with AEC substrate (red) (b and c). Arrow in (c) points 

to unstained cocci. Scale in (a) equals 100 µm (×10) and scale in (b), (c) and insert of (a) 

equals 5 µm (×100, oil).  

 

 

a) 

b) c) 
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Figure 3.26: Example of a MPN assay. Most probable number assays were run in 96 well 

plates in 5 replications per dilution (undiluted to 10
-9
 from left to right). BCG can be seen 

as white dots in the first two columns to the left and are marked by arrows. 
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Figure 3.27: Recovery rate of cultured BCG using liquid or solid media. (a) BCG was 

cultured in 7H9 and numbers were estimated using most probable number assay (MPN) 

or plating onto 7H11 agar (CFU). Higher and lower confidence levels of MPN are shown 

in red and data presented as mean ± SD of duplicates. (b) Mice were subcutaneously 

vaccinated with 10
6
 CFU BCG, sacrificed two weeks later and bacteria enumerated in 

brachial lymph node (bLN) using MPN or CFU mean ± SD of duplicates. The higher and 

lower confidence level is marked by lines. Representative of two experiments performed.  

 

 

a) 

b) 
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Figure 3.28: Lag in detection of BCG growth from organs isolated from subcutaneously 

vaccinated mice. BCG was either grown in culture, or was subcutaneously injected (10
6
 

CFU) into mice and BCG isolated from the brachial, axillary and cervical lymph nodes. 

Recovery of bacteria was then monitored in MPN assay over 25 days and graphed as 

mean MPN ± SD (duplicates).  
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Figure 3.29: Recovery of BCG from orally vaccinated mice does not differ between MPN 

assay and plating. Mice were orally vaccinated with lipid-encapsulated BCG (2x10
7 

CFU). 12 weeks post vaccination mice were sacrificed and Peyer’s patches and 

mesenteric lymph nodes isolated. Bacteria were recovered using either MPN assay (a) or 

plating on solid media (b). Data is presented as means ± SD of duplicates. One 

representative of two experiments. 

a) 

b) 
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Figure 3.30: Targets of primers used in PCR. Two sets of primers were used to detect 

BCG. (a) MYCGEN targets the highly conserved 16S rRNA gene of mycobacteria 

resulting in the amplification of a 1030 bp long fragment. (b) RD1 is a region present in 

Mycobacterium bovis but absent in BCG. If RD1 is present, primers ET1-3 bind resulting 

in the amplification of a 150 bp long and theoretically a 9650 bp long fragment. In 

absence of RD1, ET2 cannot bind and a 200 bp fragment will be amplified between ET1 

and ET3. 

 

 

 

 

a) 

b) 
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Figure 3.31: BCG DNA cannot be detected in either orally vaccinated or intravenously 

infected mice. PCR was performed on DNA (200, 500, 1000 pg) isolated from mesenteric 

lymph nodes and Peyer’s patches from orally vaccinated mice (2x10
7
 CFU BCG) and 

from the spleen of an intravenously infected mouse (10
6
 CFU BCG). As controls, DNA 

was isolated from the cultures of Mycobacterium avium ssp. hominus, Mycobacterium 

bovis, BCG, and no DNA was used as a negative control. (a) Shows the result using RD1 

specific primers ET1-3 and (b) the result using mycobacterial 16S rRNA specific primer 

(MYCGEN). 

 

 

b) 

a) 
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Figure 3.32: BCG DNA cannot be detected in spleens of intravenously injected mice. 

PCR was performed on DNA isolated from either cultured mycobacteria, from the spleen 

of mice intravenously injected with BCG (10
6 
CFU) or from spleen of naïve mice. (a) 

Shows DNA amplification using RD1 specific primer ET1-3. (b) Shows amplification 

using mycobacterial specific 16S rRNA primer (MYCGEN). 

 

 

 

 

b) 

b) 

a) 
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Chapter 4: Role of antigen presenting cells in oral 

vaccination 

Even though the data in chapter 3 shows that BCG is not associated with typical antigen 

presenting cells, successful oral vaccination was described for possum, badger, cattle and 

mice (635,652,634,675,655). This chapter therefore addresses the question how and if 

antigen presenting cells are able to activate T cells ex vivo. 

In order to answer this question, antigen-specific T cells were generated in 

subcutaneously vaccinate mice. This was done as this method leads to quick generation 

of antigen-specific T cells. These cells were then incubated with antigen presenting cells 

from orally vaccinated mice and antigen presenting abilities measured via proliferation of 

T cells, and cytokine assays namely ELISA and ELISpot. 

Preliminary experiments were conducted in order to optimize ELISpot assays, 

characterization of bone marrow-derived DC that were used as comparison to DC 

isolated from orally vaccinated mice and ability of bone marrow-derived DC and Mφ to 

incorporate BCG. 

The second part shows the inabilities of in vivo generated DC to activate antigen-specific 

T cells even though bone-marrow derived DC are able to do so. 

 

Preliminary experiments 

To test the antigen specific activation of T cells different techniques were used. ELISA-

assays show the concentration of a produced cytokine while ELISpot assays allow 

determination how many cells release a certain cytokine. Additionally, antigen-specific 

activation was determined via measurement of proliferation. As a positive control, cells 

from vaccinated mice were incubated with BCG-pulsed in vitro generated DC from bone 

marrow-derived cells (BCG-DC). Preliminary experiments were conducted to optimise 

the ELISpot (figure 4.1). Using substrate obtained from Mabtech resulted in much higher 

numbers of spot forming units (SFU) compared to the substrate obtained from Sigma. 

Additionally, while there were no big differences in number of SFU between non-pre-

wetting and pre-wetting the membrane with 35 % ethanol, the latter resulted in more 
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defined spots when Mabtech substrate, was used. In the following ELISpot assays, wells 

were pre-wet with 35 % ethanol and spots detected using the Mabtech substrate. 

Additionally, ELISpot is more sensitive than ELISA as figure 4.2 shows. While ELISA 

does not show variation in the release of IFN-γ in response to incubation with various 

concentrations of ConA, ELISpot shows that fewer cells release IFN-γ in response to 

lower ConA concentrations. Additionally, a clear difference in the numbers of IFN-γ 

producing cells can be seen when cells were incubated with either PPD-B or BCG-pulsed 

DC (BCG-DC). This difference was not observed using ELISA assay. 

Characterization of bone marrow-derived DC (BMDC) 

Bone marrow-derived DC were generated using GM-CSF and cultured for 7 days. 

BMDC that were left unpulsed with BCG are referred to as (non-pulsed) DC. BCG-

pulsed BMDC (BCG-DC) on the other hand were incubated with BCG over night at 37˚ 

C at a multiplicity of infection (MOI) of 1:1. Following stimulation with BCG the surface 

expression of MHC class II, CD40, CD80 and CD86 increased (figure 4.3). 

In vitro pulsed DC and macrophages  

DC and macrophages generated in vitro from bone marrow-derived precursors were 

pulsed at different MOI with BCG constitutively expressing green fluorescent protein 

(eGFP). Additionally, pulsed cells were incubated with propidium iodide to exclude dead 

cells and analyzed via fluorescent associated cell sorting (FACS). As shown in figure 

4.4a, both DC and macrophages are able to internalize green-fluorescent bacteria. Also, 

macrophages seem to uptake slightly more mycobacteria than DC. Additionally, bone 

marrow derived DC and macrophages were incubated with cytochalasin D prior to being 

exposed to BCG. Cytochalasin D is a fungal metabolite that binds to actin inhibiting its 

polymerization (676) and has been shown to inhibit phagocytosis (677). Indeed, the 

percentage of cells being positive for GFP expression was reduced for both DC and 

macrophages and probably represent bacteria attached to, but not internalized by these 

cells (figure 4.4b).  For the following experiments an MOI of 1:1 was used to pulse either 

DC or macrophages. 
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Figure 4.1: Optimization of the ELISpot technique. Splenocytes from orally vaccinated 

mice were incubated with 2 µg/ ml ConA. IFN-γ was detected using specific antibodies 

visualized using substrate obtained either from Mabtech or Sigma. Additionally, pre-

wetting membranes with 35 % ethanol were compared with non pre-wetted membranes.  
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Figure 4.2: ELISpot is more sensitive than ELISA. Splenocytes were isolated from orally 

vaccinated mice six weeks post vaccinated and incubated with various stimulants. 

Antigen-specific release of IFN-γ was detected in either ELISA (a) or ELISpot (b) assays. 

Additionally, splenocytes were incubated with various concentrations of ConA as a 

positive control. Data in (a) is graphed as mean ± SD concentration of secreted IFN-γ 

(triplicates). 

a) 

b) 
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Figure 4.3: Characterization of bone marrow-derived DC. Bone marrow derived DC 

were pulsed at a multiplicity of infection of 1:1 with living BCG over night at 37˚ C + 5 

% CO2 (BCG-DC). Non-pulsed DC (thin black line) and BCG-DC (thick black line) were 

incubated with specific antibodies for CD11c, MHC class II (I-A
d
), the co-stimulatory 

molecules CD80/CD86, CD40. IgG was used as an isotype control (grey line). All 

antibodies were conjugated to phycoerythrin (PE) and detected via FACS. Cells were 

gated by FSC / SSC to include living cells. Median fluorescent intensities are written 

above the gate. 
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Figure 4.4 Efficient uptake of BCG by in vitro generated DC and macrophage (BMMo). 

BMDC or BMMo were incubated with BCG constitutively expressing green fluorescent 

protein at different multiplicity of infections (a). Additionally, cells were incubated with 

cytochalasin D to inhibit phagocytosis (b).  In both cases dead cells were stained with 

propidium iodide and APC analyzed in FACS. Mean percentages ± SD (duplicates) are 

shown of cells that are GFP
+
 but negative for propidium iodide. Representative of three 

experiments performed. 

 

a) 

b) 
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Antigen presenting capabilities of DC and macrophages in oral 

vaccination 

Activation of T cells in vitro 

Mice were subcutaneously injected in the scruff of the neck with 10
6 
CFU BCG. Two 

weeks post administration, mice were sacrificed and cells isolated from the spleen. 

Subsequently, splenocytes were depleted of MHC class II+ cells to deplete endogenous 

antigen presenting cells. MHC class II-depleted splenocytes were incubated with in vitro 

generated DC and macrophages pulsed with live or heat-killed BCG. Additionally, cells 

were pulsed with 30 µg/ ml purified protein derived from Mycobacterium bovis (PPD-B), 

or left unpulsed (figure 4.5). Antigen presenting cells pulsed with either living or heat 

killed BCG were able to present antigen and specifically activate T cells. There is only a 

slight difference in the concentration of IFN-γ released by T cells stimulated with DC 

pulsed with either living or dead BCG in the presented experiment (figure 4.5a), however 

this was not reproducible over three experiments. By ELISpot, the number of T cells 

releasing IFN-γ is higher when T cells were incubated with DC pulsed with living BCG 

than when pulsed with heat killed BCG. However, cells proliferate less when incubated 

with DC pulsed with heat-killed BCG (figure 4.5b, c). The highest response measured via 

IFN-γ release and proliferation could be observed when MHC class II-depleted cells 

(enriched T cells) were incubated with DC pulsed with PPD-B.   

Macrophages are less able to present antigen and activate T cells. The highest 

concentration of IFN-γ was released when T cells were incubated with macrophages 

pulsed with heat killed bacteria (figure 4.5a). Interestingly, macrophages that have been 

exposed to living bacteria prior to incubation with T cells were not able to induce 

antigen-specific proliferation at all (figure 4.5c), however, these T cells released IFN-γ. 

T cell activation in vivo 

T cells isolated from subcutaneously vaccinated mice released IFN-γ and proliferated 

upon antigen-specific stimulation when incubated with BMDC. To test if this is also true 

for ex vivo isolated DC exposed to oral vaccination, mice were orally vaccinated with 

2×10
7 
CFU of lipid-formulated BCG and sacrificed 24 hours later. Spleen and mesenteric 
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lymph nodes were isolated and cells separated according to the expression of CD11c, via 

magnetic associated cell sorting (MACS). As a control, CD11c
+
 and CD11c

-
 cells were 

isolated from the spleen of control mice that had not been immunized with mycobacteria. 

MHC class II-depleted splenocytes (enriched T cells) from mice subcutaneously 

vaccinated with 10
6 
CFU BCG two weeks after administration were incubated and 

antigen-specific T cell activation monitored in IFN-γ ELISA, IFN-γ ELISpot and 

proliferation assays. 

Figure 4.6 shows the result from CD11c
+ 
and CD11c

-
 cells isolated from the spleen of 

orally vaccinated mice. T cells did not proliferate following antigen-specific stimulation, 

nor did the concentration of release IFN-γ rise above background. When IFN-γ ELISpot 

assays were employed, CD11c
+
 cells were able to stimulate IFNγ release in a small 

number of T cells.  However, antigen-unspecific release was monitored too, when 

enriched T cells were incubated with CD11c
+
 cells obtained from a mouse that had not 

come into contact with mycobacteria (figure 4.6b). 

A very similar result was seen when T cells from a mouse subcutaneously injected with 

10
6 
CFU BCG were incubated with CD11c

+
 and CD11c

-
 cells obtained from the 

mesenteric lymph nodes of orally vaccinated or naïve mice (figure 4.7). Only, minimal 

numbers of enriched T cells released IFN-γ when incubated with CD11c
+
 cells from 

orally vaccinated mice (figure 4.7b). This number was slightly higher than the number of 

T cells releasing IFN-γ upon unspecific stimulation. However this could not be validated 

in either ELISpot (figure 4.7a) or proliferation assays (figure 4.7c). The highest number 

of cells releasing IFN-γ in an antigen-specific manner were enriched T cells stimulated 

(as a positive control) by in vitro pulsed BCG-DC. 

 

Summary 

As oral vaccination with lipid encapsulated BCG lead to an extracellular distribution of 

filamentous BCG absent from typical APC and large aggregations of cocci, the next 

question to ask was whether APC are able to activate antigen-specific T cells. Activation 

of cells was measured via proliferation of antigen-specific cells prolifteration, ELISA 

assays and the more sensitive ELISpot assays. 
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Bone marrow-derived DC increased the expression of MHC-II and co-stimulatory 

molecules CD80 and CD86 when pulsed with BCG. When bone marrow derived DC or 

macrophages were pulsed with BCG cells were able to activate antigen-specific T cells 

isolated from a subcutaneously vaccinated mice. Additionally, as in vitro experiments 

showed, BCG did not hamper antigen presenting abilities as use of live or heat-killed 

BCG has shown. However, when experiments included APC isolated from either spleen 

or mesenteric lymph nodes of orally vaccinated mice, no activation of antigen-specific T 

cells could be observed.  
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Figure 4.5: T cells from subcutaneously vaccinated mice are activated by in vitro 

generated APC. DC and macrophages were generated from bone marrow-derived cells 

and pulsed with living BCG; heat killed BCG, PPD-B or incubated in media only (nil). 

Cells were then incubated with enriched T cells from a mouse subcutaneously injected 

with 10
6
 CFU BCG. Antigen-specific activation of cells was monitored via IFN-γ ELISA 

(a), IFN-γ ELISpot (b) and proliferation assay. HK: heat killed, SFU: spots forming unit, 

CPM: counts per minute. Data graphed as mean ± SD spot forming units (SFU), 

concentration of IFN-γ or counts per minutes (CPM) of triplicates. Representative of five 

experiments performed. 

a) 

b) 

c) 
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Figure 4.6: Spleen-derived APC from orally vaccinated mice are not able to activate 

antigen specific T cells. Mice were orally vaccinated with 2x10
7 
CFU BCG and sacrificed 

24 hours later. Cells were isolated from the spleen of orally vaiccinated mice (vacc) or 

mice that have not come into contact with mycobacteria (naïve) and divided according to 

CD11c expression using magnetic-associated cell sorting (MACS). CD11c
+
 and CD11c

-
 

cells were incubated with MHC class II depleted cells from the spleen of subcutaneously 

vaccinated mice (10
6
 CFU). As control, MHC class II depleted cells were incubated 

either with no stimulant (media) or in vitro generated DC pulsed with BCG at MOI 1:1 

(BCG-DC). Antigen specific activation was monitored via IFN-γ ELISA after 3 days (a), 

IFN-γ ELISpot at 24 h (b) or proliferation at day 4 (c). SFU: spot forming units, CPM: 

counts per minute. One representative of four experiments conducted. Data represented as 

mean ± SD from triplicates.  

a) 

b) 

c) 
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Figure 4.7: APC isolated from mesenteric lymph nodes are not able to activate antigen 

specific T cells. Mice were orally vaccinated with 2×10
7 
CFU BCG and sacrificed 24 

hours later. Cells were isolated from mesenteric lymph nodes of orally vaccinated mice 

(vacc) and mice that have not come into contact with mycobacteria (naïve) and sorted 

according to CD11c expression using magnetic-associated cell sorting (MACS). Cells 

were then incubated with enriched T cells from the spleen of subcutaneously vaccinated 

mice (10
6
 CFU). As control, enriched T cells were incubated either with no stimulant 

(media) or BCG-DC. Antigen specific activation was monitored via IFN-γ ELISA after 3 

days (a), IFN-γ ELISpot at 24 h (b) or proliferation at day 4 (c). SFU: spot forming units, 

CPM: counts per minute. Data represented as mean ± SD from triplicates. Representative 

of four experiments conducted. 

a) 

b) 

c) 
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Chapter 5: The role of IFNγγγγ and IL-17 producing T cells 
in oral vaccination  
Successful oral vaccination with lipid-formulated BCG most likely relies on the 

generation of memory T cells. In order to describe the nature of IFN-γ and IL-17 

producing cells, their anatomically location was established. This included the mesenteric 

lymph node, as BCG establishes reservoirs in this organ and provides a continuous source 

of antigen, the mediastinal lymph nodes, as one could argue that for the successful 

protection of the lung tissues, T cells might have to be present in the lung draining 

mediastinal lymph nodes and the spleen. To identify BCG-specific T cell subsets 

expanded in orally vaccinated mice, cells were isolated and sorted for the expression of 

specific marker molecules using FACS. Sorted cells were stimulated with 30 µg/ ml 

purified protein derived from Mycobacterium bovis (PPD-B), bone-marrow derived DC 

or BMDC pulsed with BCG at a MOI of 1:1 over night (BCG-DC). Antigen-specific 

release of IFN-γ was monitored via ELISA or ELISpot assays. In order to see if oral 

vaccination leads to the formation of memory IFN-γ producing T cells, lymphocytes were 

sorted for the expression of CD44 and CD62L. Recently, IL-17 producing T cells (Th17) 

have been discussed to play an important role in the protection of pulmonary tissues 

(657,658). Additionally, presence of IL-17 might lead to the expression of cytokines that 

recruit protective IFN-γ producing T cells to the lung and might thus form an important 

link between innate and adaptive immunity. Presence of IL-17 producing cells was first 

established for subcutaneously vaccinated mice and the nature of IL-17 producing T cells 

following oral vaccination established using fluorescent associated sorting for the 

expression of CD4, CD8 and αβ and γδ T cell receptor. 

 

Anatomical location and phenotype of IFN-γ producing cells 

following oral vaccination 

Preliminary experiments were conducted to identify reservoirs of IFN-γ producing cells 

in the lymphatic tissues of orally vaccinated mice. Dorer et al. (659) showed no 

association of IFN-γ producing cells with mesenteric lymph nodes and instead showed 

that the majority of IFN-γ producers is located in the spleen. To confirm this and to test if 
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cells expressing IFN-γ are in the lung draining mediastinal lymph nodes, spleen, 

mesenteric lymph nodes (mesLN) and mediastinal lymph nodes (medLN) were isolated 

from orally vaccinated mice 12 weeks post vaccination. Figure 5.1 shows the number of 

IFN-γ producing cells per million cells using an ELISpot assay. High numbers of 

splenocytes stimulated with PPD-B or in vitro generated DC released IFN-γ. 

Additionally, only small numbers of cells isolated from the mediastinal lymph nodes and 

the mesenteric lymph nodes release IFN-γ. 

The next step was to identify the nature and subsets of antigen-specific splenocytes. 

Dorer  et al. (659) has shown that IFN-γ producing splenocytes are mainly CD4
+
 T cells.. 

To a lesser extent, IFN-γ producing CD8
+
 T cells could be detected when cells were 

incubated with BCG-DC. In order to characterize IFN-γ producing antigen-specific T 

cells, lymphocytes were isolated from spleen six weeks following oral vaccination. Cells 

were sorted into CD44
- 
and CD44

+
 fractions using fluorescent associated cell sorting 

(FACS), which resulted in a 98 % pure CD44
-
 fraction and an 80 % pure CD44

+
 fraction 

(figure 5.2a). Antigen-specific stimulation of these fractions, monitored in an IFN-γ 

ELISA (figure 5.2b) revealed that IFN-γ producing cells are mainly CD44
+
. Low 

concentrations of IFN-γ could be detected in the CD44
-
 cell fraction, when these cells 

were incubated with PPD-B but not with DC or BCG-DC.  

To further characterize IFN-γ T cells, splenocytes from orally vaccinated mice were 

sorted for the expression of CD62L. FACS resulted in at least 92 % purity for each 

fraction (figure 5.3a). Cells were incubated with bone marrow-derived DC alone, bone-

marrow derived DC pulsed with BCG, PPD-B or media alone. Only CD62L
-
 cells, 

released high concentrations of IFN-γ measured in ELISA assays. However, cells 

expressing CD62L also release measurable amounts of IFN-γ when incubated with BCG-

DC or PPD-B. It was therefore concluded that IFN-γ producing splenocytes isolated from 

orally vaccinated mice resemble T effector memory phenotype (CD44
+
CD62L

-
) rather 

than a T central memory phenotype (CD44
+
CD62L

+
) according to the classification 

proposed by Sallusto et al. (45). 
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Figure 5.1: IFN-γ producing cells are confined to the spleen. Mice were vaccinated with 

2×10
7 
CFU lipid-encapsulated BCG and sacrificed 12 weeks later. Cells were isolated 

from the spleen, mesenteric and mediastinal lymph nodes and incubated with non-pulsed 

BMDC, BCG-DC, media or PPD-B. The number of cells releasing cytokines was tested 

using ELISpot assays at 24 hours. mesLN: mesenteric lymph node, medLN: mediastinal 

lymph node, SFU: spot forming units. Data represented as mean ± SD from triplicates. 

Unpaired t-test. * p<0.03, ** p<0.007, n.s.: non significant 
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Figure 5.2: IFN-γ producing splenocytes express CD44. Splenocytes from orally 

vaccinated mice were sorted for their expression of CD44 as well as into a fraction 

containing viable cells (Mock) (a), percentages of positive and negative cells are shown 

in the plots. Sorted cells were incubated with media, DC, BCG-DC or PPD-B and release 

of IFN-γ was measured in ELISA assays (b). Data represented as mean ± SD from 

triplicates. Representative of three experiments conducted. 
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Figure 5.3: Antigen-specific IFN-γ producing splenocytes resemble T effector memory 

cells. Splenocytes were isolated 6 weeks post oral vaccination with 2x10
7 
CFU BCG and 

sorted for the expression of CD62L as well as into a fraction containing viable cells 

(Mock) (a). Sorted cells were incubated with media, BMDC, BCG-DC or PPD-B and 

release of IFN-γ measured in ELISA assays (b). Data represented as mean ± SD from 

triplicates. Representative of three experiments performed.  
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Expression of mucosal homing markers by IFN-γ producing 

splenocytes  

As the previous experiment showed, the majority of IFN-γ producing cells isolated from 

the spleen of orally vaccinated mice resemble T effector memory cells (TEM) and 

therefore do not express the homing marker CD62L, which provides entry into peripheral 

lymph nodes. To further investigate the nature of specific T cells for the expression of 

markers allowing entry to mucosal surfaces, splenocytes isolated from orally vaccinated 

mice were sorted for CD103 (which promotes homing to the lamina propria) and α4β7 

(which allows homing to the small intestine). Antigen specific TEM-like cells identified 

via release of IFN-γ in ELISA assays, do not express CD103 (figure 5.4), or α4β7 (figure 

5.5). The results show that oral vaccination with lipid-formulated BCG leads to 

generation of TEM-like cells, confined to the spleen, that do not express homing markers 

enabling migration to the GALT. 
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Figure 5.4: IFN-γ producing cells are mainly CD103
-
. Splenocytes from orally 

vaccinated mice were gated for lymphocytes and sorted for CD103 expression as well as 

into a fraction containing viable cells (Mock) (a). Fractions were stimulated with PPD-B 

or in vitro generated DC and concentration of released IFN-γ measured via ELISA (b). 

Data represented as mean ± SD from triplicates. Representative of four experiments 

conducted.  
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Figure 5.5: IFN-γ producing lymphocytes do not express α4 or β7. Mice were orally 

vaccinated with 2×10
7 
CFU BCG and splenocytes isolated six weeks post vaccination. 

Lymphocytes were sorted for the expression of α4 and β7 or viable cells (Mock) (a) and 

incubated with media, BMDC, BCG-DC or PPD-B. Activation of cells was measured via 

release of IFN-γ in ELISA assays (b). nd: not detectable. Data represented as mean ± SD 

from triplicates. Representative of three experiments performed. 

b) 

a)  
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IL-17 producing cells following oral vaccination 

Release of IL-17 by splenocytes from subcutaneously and orally 

vaccinated mice 

As Aujla et al. (657) showed, IL-17 producing cells are important in the control of 

extracellular bacteria in pulmonary infections. To test, if IL-17 producing cells are 

present in oral vaccination, preliminary experiments were conducted to establish a 

cytokine profile following subcutaneous vaccination. Splenocytes were isolated from 

mice 6 weeks following subcutaneous vaccination with 10
6 
CFU BCG and tested for the 

release of various cytokines including IL-1β, TNF-α, IL-2, IL-12, IFN-γ and IL-17 using 

Lincoplex assay. Splenocytes released detectable concentrations of IL-17, IFN-γ and 

TNF-α but not IL-12 and almost non-detectable IL-1β and IL-2 (figure 5.6). Also, cells 

stimulated with BMDC that were pulsed with living BCG release higher concentrations 

of cytokines than cells stimulated with BMDC that were pulsed with heat killed BCG.  

After detecting IL-17 in the supernatant of stimulated splenocytes from subcutaneously 

vaccinated mice, experiments were conducted to identify reservoirs of IL-17 producing 

cells present following oral vaccination. Lymphocytes were isolated from the mediastinal 

lymph nodes, mesenteric lymph nodes and spleen from orally vaccinated mice eight 

weeks post vaccination. Release of IL-17 was measured via ELISpot assay.  Figure 5.7 

shows that IL-17 producing cells are mainly found in the spleen. Although the magnitude 

of IL-17 release was greater from splenocytes than from other tissues this was not 

significant due to variations. Cells isolated from mesenteric lymph nodes and mediastinal 

lymph nodes released IL-17 upon stimulation with BCG-DC and PPD-B respectively.  

Characterization of IL-17 releasing cells 

In order to identify the nature of IL-17 releasing cells, splenocytes were isolated 6 weeks 

following oral vaccination and depleted for MHC class II
+
 cells. T cells were then sorted 

for the expression of CD4 and CD8, to be able to distinguish between CD4
+
 T helper 

cells, CD8
+
 cytotoxic T cells and CD4

-
CD8

-
 T cells, e.g. γδ T cells.  Fractions were tested 

for their ability to release IL-17, which was measured using ELISpot assays. Upon 

antigen-specific stimulation, the majority of IL-17 producing cells were identified as 
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being of a CD4
-
CD8

-
 phenotype (figure 5.8). To test the hypothesis that IL-17 producing 

cells express the γδ T cell receptor (TCR), enriched T cells from orally vaccinated mice 

were sorted for the expression of either αβ-TCR or γδ-TCR. Figure 5.9 shows that IL-17 

producing cells mainly express γδ-TCR. In addition, small numbers of cells negative for 

the expression of either αβ-TCR or γδ-TCR and a small proportion of αβ-TCR
+
 cells 

release IL-17 following specific stimulation with PPD-B or BCG-DC. However, the 

number of spot forming units (SFU) generated by these cells are below those detected 

when cells were incubated with DC that have not come into contact with mycobacteria.  
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Figure 5.6: Antigen-specific release of IL-17, IFN-γ, and TNF-α by splenocytes. Splenocytes were isolated from subcutaneously 

vaccinated mice (10
6 
CFU) and incubated with bone marrow derived DC, DC pulsed with living BCG (BCG-DC) or DC pulsed with 

heat-killed BCG (BCG-DC (HK). Release of cytokines was measured in a Lincoplex assay. nd: not detectable. Data represented as 

mean ± SD from duplicates.  
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Figure 5.7: IL-17 producing cells are mostly confined to the spleen. Two mice were 

vaccinated with 2×10
7 
CFU lipid-encapsulated BCG and sacrificed 3 months later. Cells 

were isolated from the spleen, mesenteric and mediastinal lymph nodes and incubated 

with in vitro generated DC and BCG-DC, and media or PPD-B. Number of cells 

releasing IL-17 was established using ELISpot assay. MesLN: mesenteric lymph node, 

medLN: mediastinal lymph node, SFU: spot forming units. Data represented as mean ± 

SD from triplicates. Unpaired t-test ** p<0.007, *** p<0.0008. n.s.: non significant. 
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Figure 5.8: IL-17 producing cells do not express CD4 or CD8. Splenocytes were isolated 

six weeks post vaccination from orally vaccinated mice (2×10
7 
CFU BCG). Lymphocytes 

were sorted for the expression of CD4 and CD8 and antigen specific IL-17 release was 

monitored using ELISpot assays. One representative of two experiments conducted. Data 

represented as mean ± SD from triplicates.  
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Figure 5.9: IL-17 producing lymphocytes in the spleens of orally vaccinated mice express 

the γδ T cell receptor. Mice were orally vaccinated with 2×10
7 
CFU of lipid-encapsulated 

BCG. Splenocytes were isolated six weeks post vaccination and lymphocytes were sorted 

for the expression of either αβ or γδ T cell receptor. Antigen specific IL-17 release was 

monitored using ELISpot assays. Data represented as mean values ± SD from triplicates. 

Representative of two experiments performed.  
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Summary of T cells 

T cells isolated from mice that were orally vaccinated with 2×10
7 
CFU of lipid-

formulated BCG mainly produce IL-17 and IFN-γ. T cells releasing IFN-γ are CD4
+
, 

confined to the spleen and resemble a T effector memory phenotype (CD44
+
CD62L

-
). 

Additionally, they do not express marker characteristic for mucosal homing such as 

CD103, α4 or β7. Cells releasing IL-17 in an antigen-specific manner, express neither 

CD4 nor CD8 but instead bear the γδ T cell receptor and are therefore not of a Th17 

phenotype. 
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Chapter 6: Discussion                                                     

 

The importance of viable bacteria for protective immunity has been shown more than 50 

years ago with experimental removal of viable BCG using the antibiotic isoniazid (678). 

More recently, Olsen et al. (679) demonstrated establishment of living antigen reservoirs 

in lung, spleen and inguinal lymph nodes in mice subcutaneously vaccinated with M. 

bovis BCG. When these mice were challenged with M. tuberculosis via the aerosol route, 

protection in the spleen and lungs could be observed. However, when bacteria were 

removed by treating mice with isoniazid after vaccination, the burden of M. tuberculosis 

in the spleen was much higher than control BCG-immunized animals and correlated with 

a reduction in antigen-specific T cells. Interestingly, antibiotic removal of BCG had no 

effect on the reduction of bacteria in the challenged lung. Therefore, vaccination with 

BCG leads to generation of local immunity in the lung which was independent of 

continued viability of the immunizing bacteria; however, dissemination of bacteria into 

the spleen was inhibited by the presence of a viable vaccine. This is consistent with the 

assumption that vaccination with BCG does not prevent M. tuberculosis infection per se, 

but instead prevents the dissemination of bacteria and prevents tissue necrosis (680,681).  

As tuberculosis is normally transmitted via the airways and predominantly infects the 

lung, vaccines that activate the mucosal immune system  may be  the most sensible 

choice, particularly if they are additionally able to activate the systemic immune system 

(682,683,684). Both Lagranderie et al. and Aldwell (652,641) have shown that oral 

vaccination with BCG is as successful as subcutaneous vaccination to protect against 

aerosol challenge with M. tuberculosis.  

Historically, BCG was administered orally, however, this resulted in loss of viable 

bacteria while passing through the gut, as well as apparently causing cervical 

lymphadenitis and other complications, as reviewed by Lotte et al. (685). This could be 

circumvented by directly injecting BCG into the stomach of mice which lead to 

protection comparable to subcutaneous vaccination (642). However, this mode of 

administration does not exclude needles and indeed is unethical and impractical. 

Therefore, other means of mucosal immunization have been explored. A study conducted 

by Falero-Diaz et al. (686) showed that intra-nasal vaccination of mice with BCG 
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resulted in strong reduction of bacteria in the lung and spleen of aerosol challenged mice. 

Later, Aldwell et al. (635) incorporated BCG into a lipid matrix to protect it from 

digestion in the gut and showed that this form of administration leads to successful 

protection against aerosol challenge with Mycobacterium bovis but does not cause 

cervical lymphadenitis. Furthermore, Ajdary et al. (687) showed that splenocytes from 

mice orally vaccinated with BCG embedded into microspheres released significantly 

more IFN-γ than splenocytes vaccinated subcutaneously with BCG. In addition, 

splenocytes isolated from mice orally vaccinated with free BCG showed strongly reduced 

IFN-γ secretion compared to splenocytes from subcutaneously vaccinated mice, 

suggesting that encapsulation of BCG is essential for optimal T cell priming (687). 

 

Given the incomplete knowledge surrounding the mechanisms of action of vaccination 

with living BCG, the present study attempted to identify some of the factors mediating 

successful vaccination with lipid-encapsulated BCG. 

Distribution of BCG following oral vaccination 

 

First, the distribution of orally fed lipid-encapsulated BCG in mice was established. BCG 

expressing green-fluorescent protein (BCG-eGFP) was encapsulated into a lipid matrix 

and fed to mice. Despite the expression of eGFP in BCG, it proved impossible to quantify 

the bacterial burden in various organs using fluorescent associated cells sorting (FACS). 

This was due to the low sensitivity of FACS compared to traditional plating techniques 

for the detection of low event numbers, and possibly the reduced expression of green 

fluorescent protein in vivo. These limitations in enumerating bacteria using FACS have 

been described earlier by Bumann et al. using a Salmonella model (688). 

Therefore distribution of bacteria was established using classical plating techniques on 

selective agar. It has to be mentioned that the number of bacteria enumerated with this 

technique is dependent on the metabolic state of the bacteria. As little as six hours post 

vaccination, BCG-eGFP could be recovered from both lymphatic and non-lymphatic 

organs and also from the blood but not from the lung-draining mediastinal lymph nodes 

or the liver. This suggests that BCG invades the Peyer’s patches and is then transported to 
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the mesenteric lymph nodes. Indeed, Fujimara et al. (525) showed that BCG infects 

Peyer’s patches by translocating via M cells. Additionally, BCG might have actively 

invaded the epithelia of the gut, or was transported across epithelial layer (547,548) and 

entered the blood stream. However, nonspecific translocation in the gut is unlikely as 

BCG could never be recovered from sections of intestine that lacked Peyer’s patches 

following oral vaccination (0 CFU). Nevertheless, it is possible that BCG directly 

invaded the blood vessels of the GALT (679) or was distributed via efferent lymph 

recirculation which has been shown for Salmonella enterica in cattle (689). Initial 

infection of the blood stream might have allowed access to the lung; however, the 

bacterial burden at this site remained small, making it unlikely to form a reservoir during 

vaccination. Despite the ability of oral vaccination to protect the lung, BCG could never 

be recovered from the lung draining mediastinal lymph nodes during the course of oral 

vaccination (see chapter 3). Interestingly, Olsen et al. (679) have shown that the lung 

forms a reservoir for BCG following subcutaneous vaccination. 

Even though M. bovis BCG accesses the blood stream and disseminates into various 

organs, it is quickly cleared within 24 hours. Eight weeks post vaccination bacteria were 

cleared from most sites but recovered in the mesenteric lymph nodes, the Peyer’s patches 

and the cervical lymph nodes.   

Interestingly, even though bacteria were protected in a lipid matrix, only around ~1000 

CFU could be recovered six hours following vaccination; this is in huge discrepancy to 

the initially administered 2×10
7
 CFU. This might be due to a number of reasons. First, 

only a minor part of bacteria might succeed in infecting the gut, while the majority is 

cleared with the feces. However, Wedlock et al. (690) only recovered low numbers of 

bacteria in the faeces of possums orally vaccinated with 5-10×10
8
 CFU BCG. However, 

this does not take into account that shed bacteria might also have been digested and 

destroyed, as this study used plating techniques to recover bacteria. More interestingly, 

plating techniques are not always able to  recover viable but non-culturable bacteria that 

have been passaged through animal hosts (671). Taking this into account, other 

techniques were used in this study to obtain more accurate numbers of bacteria in the 

alimentary tract lymphatics, such as PCR, or most probable number (MPN) liquid culture 

assays. Targeting of RD1 region, or its flanking sequences, identified M. bovis and M. 
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bovis BCG, but failed to detect M. avium spp. hominus, which might be due to the 

absence of RD1 as well as RD1 flanking sequences utilized in the PCR in this 

mycobacterium strain (691). However, use of a 16S rRNA primer detected all three 

mycobacterium species when DNA was isolated from cultured bacteria.  

When DNA was isolated from the mesenteric lymph nodes and Peyer’s patches of mice 

orally vaccinated with lipid-encapsulated BCG, specific DNA fragments could not be 

detected. An explanation for this might be the low numbers of bacteria (~500) compared 

to the 5-log fold higher numbers of mammalian cells present in the spleen (~2×10
8
). 

Therefore the concentration of mammalian DNA far exceeds that of bacterial DNA. 

However, Sleeman et al. (692) were able to detect Mycobacterium avium subspecies 

paratuberculosis in tissue sections of white deer; however, histology revealed great 

numbers of bacilli. Therefore, PCR might be too insensitive to detect small amounts of 

BCG following oral vaccination, which lead us to utilize plating techniques as well as 

most probable number (MPN) assays, also known as dilution to extinction assays. 

Biketov et al. (671) showed that more Mycobacterium tuberculosis could be recovered 

from murine peritoneal macrophages using MPN assay than using plating on agar. The 

reason for this discrepancy appears to be related to the altered growth state of 

mycobacteria exposed to the host environment. In our hands, when cultured BCG was 

used to distinguish between bacterial recovery in liquid and in solid media, no differences 

were seen; however, this is not very surprising as bacteria were in mid-log phase. 

Interestingly, the MPN assay failed to enhance recovery of bacteria from Peyer’s patches 

or mesenteric lymph nodes isolated from mice orally vaccinated with BCG. This is in 

spite of the fact that growth in the MPN assay was delayed in comparison to the in vitro 

control. This could be due to a lag phase and longer initial replication before being 

detectable in MPN assays. In direct contrast, in mice subcutaneously vaccinated with 

BCG higher numbers of bacteria could be recovered using MPN assays, as compared to 

solid agar. This implies that at least some forms of BCG require liquid media for 

recovery.  

  

Our findings that BCG is predominantly in the alimentary tract lymphatics following oral 

vaccination is consistent with results obtained by others (684). Aldwell et al. (648) 
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showed that the most numerous populations of BCG appear in the mesenteric lymph 

nodes 12 weeks post vaccination, which coincidences with the induction of maximal 

protective immunity. Furthermore, they demonstrated that bacteria persist over a long 

period, which correlates with the persistence of protection against aerosol challenge. 

Additionally, Salmonella typhimurium could be isolated from the Peyer’s patches and 

mesenteric lymph nodes following oral administration (693). Furthermore, they are 

internalized by DC resident in Peyer’s patches. It was therefore of interest to us to 

determine which cell-types might harbor BCG following oral vaccination.  

 

Due to the low numbers of BCG present in sections, the immunohistological analysis of 

BCG-infected cells in lymphatic tissue proved challenging. Nevertheless, some key 

observations on the frequency and distribution of bacteria in lymph nodes and Peyer’s 

patches post vaccination were made. Immuno-histochemistry revealed that few BCG 

were associated with MHC class II
+
 cells. Lack of F4/80 expression by cells in close 

proximity to BCG makes it unlikely that macrophages play a role at least at later time 

points (3 months p.v.) following oral vaccination. However, depending on their location 

and lineage, different macrophage populations express distinct surface markers for 

example macrophages of the germinal centres do not express F4/80 (694). It is possible 

that infected macrophages down regulate F4/80 as has been shown earlier (695), or that 

infected macrophages in lymph nodes are intrinsically F4/80 negative. Histology further 

showed some bacteria were internalized by CD11b
+
 cells, but not CD11c

+
 cells, however, 

utilization of cell sorting and plating revealed that some bacteria could be found in the 

CD11c
+
 population. This association of BCG with CD11c

+
 and CD11b

+
 cells in the 

Peyer’s patches and mesenteric lymph nodes might imply a role for myeloid DC in 

antigen presentation of mycobacterial antigens, as has been proposed by Wolf et al. 

(696). They showed that following aerosol challenge, M. tuberculosis infects myeloid DC 

expressing both CD11c and CD11b and outnumber infected macrophages. Additionally, 

Gonzalez-Juarrero et al. (697) have shown that DC isolated from murine lung are able to 

internalize M. tuberculosis in vitro and express CD11c and CD11b.  
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Infection of granulocytes following aerosol challenge with M. tuberculosis has been 

reported (696), although in our study, BCG was not associated with cells containing 

intracellular peroxidase. However, a contribution of neutrophils to the clearing of BCG at 

early time points cannot be excluded, as neutrophils internalize bacteria, but later die in 

great numbers by apoptosis (698). 

As BCG was found to be associated with MHC class II
+
 cells, this might also include B 

cells. However, following oral vaccination, BCG was absent from follicles and not 

associated with B220
+
 cells. The role of B cells during infection with tuberculosis is 

controversial, Turner et al. (699) showed that absence of B cells does not influence 

infection with Mycobacterium tuberculosis in mice. However, others used knock-out 

mice deficient for the IgA transporter polymeric IgR and showed that these mice had 

higher levels of BCG in the lungs and reduced IFN-γ production compared to wild-type 

mice, suggesting a role of secreted IgA and subsequently of B cells in infection with 

BCG (700). Lastly, Andersen et al. (701) targeted B cell presentation of mycobacterial 

antigen to T cells which was successful in boosting M. tuberculosis immunity. Taking 

these findings together, B cells might play a role as antigen presenting cells during 

mycobacteria infection.  

 

Interestingly, the majority of BCG could be found in the inter-follicular area of 

mesenteric lymph nodes and Peyer’s patches with few being associated with the mucosa 

muscularis in Peyer’s patches (see appendix 1). Confocal work revealed an extracellular 

association of BCG rods with Thy1.2 positive T cells. More surprisingly, even though 

BCG could be found in rare CD11b
+
 cells, the majority of BCG rods were found to be 

extracellular. This was confirmed in experiments recovering bacteria from lymphocyte-

free fractions using differential centrifugation, flow cytometric sorting and CFU-plating 

techniques. Normally, pathogenic species of the genus mycobacteria reside in 

macrophages, where they reside in phagosomes, preventing fusion with  lysosomes (702). 

Mycobacteria have adapted to this environment by altering their metabolism and utilize 

carbon source inside macrophages. Extracellular bacteria might be presented with similar 

stress such as nutrient and oxygen deprivation which is correlated to dormancy or 

latency, as has been described by Wayne and others (703,704).  
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Therefore, the low numbers of bacteria recovered from orally vaccinated lymph nodes 

and Peyer’s patches might suggest that bacteria have entered a state of dormancy 

characterized by limited replication. Nutrient starvation leads to dormant M. tuberculosis 

with slow lipid biosynthesis, arrested cell division (705) and up regulation of genes, such 

as isocitrate lyase (706) allowing access to fatty acids as carbon source (707). As fatty 

acids are part of the phospholipids and glycolipids of the plasma membrane (708) and 

also exist as free fatty acids, it is possible to assume that extracellular bacteria access 

these and use them as a carbon source in the glyoxylate shunt (709,710). Therefore, the 

close proximity of BCG to murine cells is consistent with BCG obtaining nutrients from 

neighboring host cells. 

Furthermore, cholesterol which is part of the cell membrane (711) might be used as a 

carbon source as has been discussed by Pendey et al. (712) and has been shown to 

stimulate BCG growth in vitro (713). This is in contrast to an earlier study that showed 

that even though cholesterol is accumulated by mycobacteria, pathogenic members of this 

genus, as well as M. bovis BCG, were not able to degrade it (714). Bacteria might also 

live off their fat storages during persistence, supporting this idea are observations that fast 

growing bacteria produce great amounts of lipids (715) and that carbon deprived M. 

smegmatis is viable for more than 650 days (716). Further proof for a possible latency of 

extracellular BCG was shown by their resistance to streptomycin and amikacin in vivo 

(chapter 3). These two a minoglycoside antibiotics that bind to 16S rRNA and inhibit 

protein synthesis (717) are nevertheless active in vitro and are generally used against 

gram-negative bacteria and mycobacteria (718). Experimental infection of bone-marrow 

derived macrophages with either M. avium ssp. hominus or M. bovis BCG and subsequent 

treatment with amikacin resulted in a reduction of extracellular bacteria (figure 3.20). 

This might be explained by the killing of bacteria that were not internalized by the 

macrophages. However, it is also possible that the antibiotic was co-transferred onto the 

agar plates and was able to enter cells and kill intracellular bacteria. Streptomycin was 

unable to penetrate peritoneal macrophages during the first 20 hours of incubation (668) 

but slowly accumulated inside cells when incubation was increased to one week (719).  

Furthermore, Patterson et al. (720) provided evidence that M. tuberculosis grew slower 

inside macrophages in the presence of streptomycin, which could be explained by leakage 
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of this antibiotic into the cells. As amikacin is part of the same group of antibiotics, it can 

be argued that the observations made for streptomycin might also be true for this 

aminoglycoside. Killing of extracellular BCG in vivo was not successful, as bacteria 

could still be recovered from the lymphocyte-free fraction. Possible cytotoxicity of the 

collagenase was ruled out (figure 3.3), therefore, extracellular BCG most likely do not 

derive from cells undergoing necrosis during organ dissociation. In addition, 

immuohistology and confocal microscopy provided further support for the existence of 

extracellular BCG in lymphatic tissue. 

The environment in the lymph nodes might have triggered latency in bacteria or as 

Parrish et al. (721) hypothesized, actively growing mycobacteria might enter a persistent 

state once antibiotics have been administered, which might resemble the Cornell model of 

induction of dormancy when bacteria are treated with pyrazinamide and isoniazid (722). 

Contributing to this hypothesis is the observation, that bacteria could be seen in  sputum-

negative patients, after they were treated with antibiotics (723). Mycobacteria entering 

latency because of lack of oxygen show resistance to antibiotics such as isoniazid and 

rifampin, however, resistance to others such as metronidazole is not affected, as has been 

shown by Wayne in vitro (703,724). However, more recently a study using an in vivo 

model of hypoxia, showed that latent bacteria were susceptible to rifampin but not to 

isoniazid or metronidazole (725). Most frontline drugs used against tuberculosis target 

cell division and cell growth, however, latent bacteria show a reduced or altered 

metabolism which might explain their resistance to these drugs (726). 

Interestingly, in addition to rod shaped bacteria Ziehl-Neelsen stained cocci could be seen 

in the mesenteric and cervical lymph nodes and Peyer’s patches of orally vaccinated 

mice. In general, mycobacteria are described as rods of 2.5 to 3 µm length (727,728) and 

are positive for Ziehl-Neelsen staining (729) which is consistent with the observations 

made in this thesis. Additional appearances of mycobacteria include ovoid forms of about 

1.2 µm (671) and cocci that have been described by Devadoss et al. (727) to be between 

30 and 200 nm in diameter. Immuno-histochemistry revealed that cocci were absent from 

the follicles but instead were located towards the sub-capsular space of lymph nodes. As 

opposed to rods who form small groups of 1 to 3 bacteria found to be mainly 
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extracellular, cocci form large groups inside cells that might resemble sub-capsular 

macrophages. 

Sub-capsular macrophages form a layer beneath the sub-capsular sinus and have been 

shown to trap fluorescent particles entering the lymph  nodes (730). They might also be 

able to trap bacteria, as GFP-tagged BCG injected into the flanks of mice were shown to 

enter inguinal lymph nodes through the sub-capsular sinus (731). Additionally, CD11b
+
 

DC residing in the sub-capsular sinus were able to capture lymph borne antigen (50). This 

is of interest as CD11b
+
 cells were seen to harbor intracellular BCG rods (chapter 3). 

Additionally, the sub-capsular sinus has many pores that lead into the cortex (732) and it 

might be possible that sub-capsular macrophages reach through these pores and sample 

antigen. Indeed, translocation of virus particles from the sub-capsular sinus to the cortex 

inside CD11b
+
 sub-capsular macrophages has been shown by Junt et al. (733). 

The ingestion of bacteria by these macrophages might initiate the formation of cocci as a 

response to the environment inside these cells. A number of stress factors were described 

to contribute to the formation of cocci, these include, oxygen starvation (734,735,729), 

nutrient starvation (735,670) and exposure to NO (735,729). Nutrient starvation leads to a 

stringent response (734,729) controlled by RelA (736) and leads to the accumulation of 

guanosine tetraphosphate (ppGpp) (734), which in turn results in the reduction of rRNA 

and tRNA as well as change in morphology. Ojha et al. (734) described the formation of 

cocci as rapid cell divisions without an increase in cell mass. Additionally to the 

emergence of cocci in orally vaccinated mice, these forms could also be seen in mice 

subcutaneously injected with BCG and the more pathogenic Mycobacterium avium ssp. 

hominus (chapter 3).  

Stress factors leading to the formation of cocci might be produced by macrophages in 

response to IFN-γ stimulation which would imply that presence of IFN-γ might lead to 

the formation of cocci. However, emergence of cocci could also be observed in IFN-γ
-/-
 

knock out mice (chapter 3). Recent experiments conducted in our lab have failed to 

induce the formation of cocci in BCG infected bone marrow-derived macrophages, even 

following stimulation with IFN-γ. Pertinent to this, a recently published paper described 

the need for multiple stress factors to obtain dormant mycobacteria in vitro (737). 
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Therefore, the presence of this IFN-γ alone is not sufficient for the triggering of coccoid 

forms.  

The presence of large numbers of cocci following subcutaneous vaccination, as 

determined by acid fast staining, was confirmed in MPN assays but stands in sharp 

contrast to the number of bacteria recovered on agar plates, the latter method giving up to 

eight-fold lower recovery rate. This might be explained by the assumption that cocci are 

non-culturable on solid media and the requirement for resuscitation in liquid media 

suggests that these forms might be in a dormant or latent state. Interestingly, following 

oral vaccination, similar numbers of BCG were enumerated in liquid media or on solid 

agar. Biketov et al. (671) showed that subsequent passage of an avirulent M. tuberculosis 

strain through peritoneal macrophages resulted in the transformation of rods into ovoid 

forms and finally in a third passage into coccoid forms. Taking these observations into 

account, cocci generated after subcutaneous injection might resemble the properties of 

ovoid mycobacteria that were able to be recovered in liquid media. Recovery of ovoid 

forms of other mycobacteria has also been shown by Anuchin et al. (670), who used 

nitrogen-depletion to form ovoid M. smegmatis, which could be transformed back into 

rod-shaped mycobacteria following cultivation in modified Sauton’s media. The cocci 

seen in oral vaccination, however, might resemble properties of cocci isolated from 

peritoneal macrophages in Biketov’s study that were unable to be recovered in liquid 

media. Therefore, route of infection as well as time might play a role in the formation of 

dormant cocci that are not able to be recovered.  

 

Interestingly, Biketov described that cocci that were not recovered in liquid media could 

be resuscitated in the presence of so called resuscitating protein factors (RPF) isolated 

from a culture of Micrococcus luteus in stationary state. Early experiments used culture 

supernatant of M. luteus filtered through a 0.22 µm filter (738) and showed that this 

preparation enhanced the recovery of dormant forms of many mycobacteria, including 

BCG, M. avium ssp. hominus and M. tuberculosis. However one possible experimental 

artifact is that coccoid forms can be as small as 30 nm (727), which may lead to 

contamination of RPF preparations used in MPN assays with bacteria, leading to false 

positives in the MPN assay. In fact my own experimental data supported the conclusion 
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that 0.2 µM filtered, conditioned supernatants were contaminated with BCG that could be 

recovered by MPN technique (see appendix 1). However, in another study, RPF was 

purified, and was shown to successfully reanimate mycobacteria and also stimulate their 

overall growth (738).  RPF are also present in M. tuberculosis which has five different 

genes for RPF (rpf A-E). Interstingly, these do not seem to be required for viability of the 

bacteria in comparison to the essential presence of RPF in M. luteus (739). 

It is also interesting that both rods and cocci were detectable with Ziehl-Neelsen staining, 

but cocci were not labeled using a M. bovis BCG specific antibody. This might be due to 

antigen-conversion, during the transition of rod shaped bacteria to dormant cocci. 

Boshoff et al. (735) described that latent bacteria alter their cell envelope for example by 

changing their mycoloic acid profile and questioned if dormant bacteria are acid fast. 

However, others have reported that dormant bacteria can be stained with Ziehl-Neelsen 

staining (670) and are also able to be stained with the PI dye (740) which is often used to 

stain dead cells and therefore termed these cells cell wall deficient. They further showed 

that these PI
+
 bacteria could be recovered in media. Others however, have shown that 

cocci do not stain with PI dye (670). This discrepancy in PI labeling might be explained 

by the membrane becoming permeable for the dye while bacteria are dividing. 

Permeability might also occur when bacteria are transformed from rod shape into coccoid 

forms. Thus cell permeability might be part of the bacteria’s normal life cycle, as 

suggested by Devadoss et al. (727).  

Unfortunately, the definitions ‘dormant’, ‘latent’ or ‘stationary’ are used interchangeably 

in the literature, however, it is doubtful that they describe the same state by different 

groups (figure 6.1). For example some refer to ovoid forms of mycobacteria as dormant 

(670) whilst others use this term to describe coccoid forms (671). The current 

observations might further underline these differences. To further complicate matters, 

mycobacteria have recently been described as being able to form endospores similar to 

those seen in other bacteria such as Bacillus subtilis (741). This study describes that 

homologues of sporulation factors of B. subtilis were found in the Mycobacterium 

marinum genome, but failed to show that genes of transcription factors specific for 

sporulation genes were present. These “spores” emerging in old cultures and sporulating 

into vegetative cells once transferred into fresh medium, might instead resemble coccoid 
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latent forms of mycobacteria in response to starvation. Resuscitation of coccoid forms of 

mycobacteria have been described earlier (742). Therefore, “cocci” or “spores” might 

describe the same state of mycobacteria reaching stationary phase. 

Interestingly, antigen deposits could be identified using a polyclonal anti-BCG antibody 

in lymph nodes isolated from both M. bovis BCG infected IFN-γ
-/-
 knock out mice as well 

as in wild type mice infected with M. avium ssp. hominus (chapter 3). These deposits 

might actively be released by cells or indirectly following apoptosis. Mycobacterium 

tuberculosis is known to induce apoptosis in neutrophils (743), but it is controversial if 

M. tuberculosis induces or inhibits apoptosis in alveolar macrophages (744,745). 

Apoptosis of infected cells can have a positive or negative effect on the viability of 

mycobacteria. Apoptosis of host cells might enhance mycobacterial survival, as has been 

proposed by Bocchino et al. (744), who showed that induced apoptosis reduces the 

number of antigen presenting cells. On the other hand, apoptosis might also contribute to 

immunity when apoptotic vesicles are ingested by bystander cells (746). 
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Figure 6.1: Overview of formation of cocci and relationship of dormant mycobacteria. 

References are added in brackets.  
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Antigen presentation in orally vaccinated mice 

 

BCG is mainly present as extracellular rods or as non-culturable and probably dormant 

cocci. In addition, BCG is not associated with typical antigen-presenting cells. This raises 

many questions as how antigen is presented.  

Rods of M. bovis BCG were found to be inside cells expressing CD11b, which might 

include myeloid DC that also express CD11c. Wolf et al. (696) have shown that myeloid 

DC make up the majority of M. tuberculosis infected cells in lung and lymph nodes as 

opposed to the general belief that residential macrophages are the predominant type of 

cell infected in the lung. This result is striking, as myeloid DC represent <10 % of the 

cells present in the lung (696).  

Additionally, they provided evidence that myeloid DC shuttle mycobacteria from the site 

of infection to the lymph nodes. Similarly, M. bovis BCG might infect myeloid DC 

following oral vaccination, which then shuttle the bacteria to the mesenteric lymph nodes 

and play a role in antigen presentation as myeloid DC has been shown to be able to 

activate T cells in vitro (215) as well as in an OVA model (50).  

 

CD11c
+
 cells isolated from the mesenteric lymph nodes or Peyer’s patches 24 hours 

following oral vaccination were not able to specifically activate T cells isolated from 

subcutaneously vaccinated mice (chapter 4). This might be due to a mechanism of 

mycobacteria to shut down the antigen-presenting abilities of these cells in order to evade 

immunity. Even though myeloid DC form the majority of M. tuberculosis containing 

cells in the lung they are not able to specifically activate CD4
+
 T cells (696), this happens 

quickly as presentation of mycobacterial antigen by DC is lost two days following i.v. 

injection with recombinant BCG (747). Additionally, Pancholi et al. (748) showed that 

chronic BCG infection of human monocytes decreased their ability to present antigen to 

T cells. Additionally, antigen-presenting abilities also declined for unrelated non-

mycobacterial antigens in M. tuberculosis infected cells (749). A study showed that 

murine bone-marrow derived macrophages treated with IFN-γ to increase MHC class II 

expression and subsequently infected with M. tuberculosis H37Ra resulted in a reduction 

of MHC class II, independent of the viability of the bacteria (750). Several studies have 
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shown that M. tuberculosis hampered antigen presentation involving MHC class II 

without reducing its surface expression (697,696,751). Although infection with 

Mycobacterium tuberculosis of APC isolated from human PBMC did not affect the 

expression of MHC class I or class II in the first 48 hours post infection, down-regulation 

of CD1 on antigen presenting cells isolated from human PBMC could be observed (751). 

An interference of BCG with antigen presentation qualities of CD11b
+
 cells following 

oral vaccination might explain the lack of antigen presentation observed in my study, 

however, in vitro experiments conducted in this thesis have shown that both bone marrow 

derived DC and bone marrow derived macrophages are able to internalize BCG which is 

accompanied by the up-regulation of MHC class II and co-stimulatory marker molecules 

such as CD86 (chapter 4). Furthermore, these cells were able to activate T cells in an 

antigen-specific manner, as was shown by production of IFN-γ and proliferation. This 

antigen specific stimulation was independent of the viability of BCG. Therefore, a BCG-

specific mechanism for the down-regulation of antigen presenting abilities by either 

macrophages or DC was not demonstrated. However, differences in the antigen 

presentation abilities of either (myeloid) DC in vivo and bone marrow-derived DC in 

vitro cannot be excluded. Garrigan et al. (752) tested the abilities of splenic DC and bone 

marrow derived DC to process antigen in vitro. They showed that splenic DC were 50 

times less effective in processing and presenting antigen and inducing T cell proliferation 

than bone marrow derived DC. Additionally, this reduced ability to process antigen was 

correlated with time of in vitro culture, as freshly isolated splenic DC showed comparable 

levels of antigen processing of bone marrow derived DC. Furthermore, bone marrow 

derived DC could be cultured for some time without losing their ability to process and 

present antigen. Thus, isolation and processing of splenic DC or those isolated from the 

mesenteric lymph nodes, might trigger events that hamper the specific activation of T 

cells in vitro and indeed might lead to too little activation to be detected in these assays. 

Van Faassen et al. (753) have provided evidence that BCG-specific T cell priming starts 

slowly, mainly due to an initial low antigen count accompanied by slow doubling time of 

the organism and decrease of antigen presentation over time. It is also possible that a 

continuous turnover of APC during infection, which together with the constant presence 

of antigen, might lead to exhaustion of T cells. This and an initial low antigen 
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concentration, might account for the inability of DC to activate BCG-specific T cells in 

our model. 

Down regulation of antigen presenting abilities in vivo might be a special feature of 

mycobacteria as the main APC following infection with Leishmania major was of a 

CD11c
+
CD11b

+
 phenotype (754). However, they argued that these cells acquired soluble 

antigen and might have drained to the lymph node (754) and Pooley et al. (755) presented 

evidence that CD11b
+
 DC present intravenous soluble antigen to CD4

+
 T cells. 

Therefore, non-infected myeloid DC might play a role in antigen presentation following 

oral vaccination, by presenting soluble antigen. 

 

There are a number of different soluble and secreted mycobacterial proteins described in 

the literature; these include MPB70, ESAT-6 and Ag85. However, ESAT-6 is found in 

RD1 of M. tuberculosis, which is absent in all BCG strains (756). Early experiments 

showed that a protein isolated from culture filtrate of some BCG strains induces delayed 

type hypersensitivity and was named protein from M. bovis (MPB70) (663). An effect of 

MPB70 in this study is controversial as all experiments were done with BCG Pasteur, 

which was described as a BCG strain expressing low levels of MPB70 (757). 

Additionally, shedding of lipids might be a feature of extracellular BCG which 

contributes to antigen presentation and stimulation of specific T cells. Cell wall derived 

lipids from M. bovis BCG have been described as triggering the release of cytokines from 

bone marrow-derived macrophages which attracts other macrophages, but also CD4
+
 T 

cells (758). Geisel et al. (759) showed that trehalose mycolates are the most potent lipids 

to trigger a pro inflammatory response. Lipids might also originate from intracellular 

mycobacteria and might be able to exit the infected macrophage. Beatty et al. (624) 

showed that glycolipids left the phagosome and were shuttled in vesicles towards the 

Golgi inside the host cell. Furthermore, they provided evidence that these lipids were 

transported between infected and non-infected macrophages in extracellular vesicles.   

Furthermore, antigen deposit observed during immuno-histochemistry might originate 

from apoptotic cells (chapter 3) and contribute to cross-presentation by uninfected 

bystander DC. Yrlid et al. (746) used a Salmonella typhirium model to show that induced 

apoptosis in macrophages led to uptake and presentation of antigen on MHC class I and 
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class II by non-infected bystander DC, but not macrophages. They also showed that 

presentation of antigen by bystander DC is dependent on induction of apoptosis of the 

infected cell. It is possible that a similar mechanism occurs during BCG infection.  

Role of T cells during oral vaccination 

It is still unclear if CD4
+
 or CD8

+
 T cells are the major mediators of immunity to 

tuberculosis. Mice lacking functional CD8
+
 T cells (beta 2 microglobulin

-/-
) were more 

susceptible to Mycobacterium tuberculosis infection than wild-type mice (760). 

Interestingly, the effect of CD8
+
 T cells on mycobacterial infection seems to be dose 

dependent. Lack of CD8
+
 T cells in low-dose aerosol challenge has little effect on the 

disease progression (761), however, high-dose i.v. injection showed that CD8
+
 T cells are 

needed to contain M. tuberculosis infection (760). This might explain why CD8
+
 T cells 

were not identified as the main IFN-γ producers following oral vaccination (659), as only 

a small number of bacteria manage to infect the host and form reservoirs, which might 

not reach the threshold of CD8
+
 T cell activation. 

Furthermore, immunity against tuberculosis seems to be dependent on CD4
+
 Th1 cells as 

IL-12
-/-
 knock out mice, that are not able to generate a Th1 response, are unable to contain 

tuberculosis (762) and mice depleted for MHC class II and thus lacking CD4
+
 T cells 

showed a continued growth of bacteria in the lung (761). Additionally, cells from mice 

with protective immunity to BCG did not produce measurable amounts of the Th2 

cytokine IL-4 (665).  CD4
+
 Th1 cells produce IFN-γ and the importance of this cytokine 

in mycobacterial infections has been shown in multiple experiments using IFN-γ
-/-
 knock-

out mice, as absence of IFN-γ, leads to elevated growth of Mycobacterium tuberculosis in 

the lung (656), accelerated tissue necrosis (264) and such mice are not protected against 

intravenous M. tuberculosis infection (264).  

 

After determining the spatial distribution of BCG following oral vaccination, splenocytes 

were sorted for the expression of various marker molecules and tested in IFN-γ ELISA or 

ELISpot assays to determine the type of CD4
+ 
T cell most likely to promote successful 

vaccination. Splenocytes from orally vaccinated mice produced the highest levels of IFN-

γ when incubated with PPD-B or DC that have been pulsed with live M. bovis BCG one 
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day prior to the experiment (BCG-DC). Additionally, small levels of IFN-γ above 

background could be detected in cells isolated from the mesenteric lymph nodes in 

presence of PPD-B and in mediastinal lymph nodes in presence of BCG-DC.  

This is of interest as Fulton et al. (763) could detect γδ T cells in the lung, spleen and 

mediastinal lymph nodes up to 12 weeks following intratracheal infection with M. bovis 

BCG. This correlated with the continued presence of bacteria in these organs. It is 

therefore possible mediastinal lymph nodes contain non-platable forms of BCG and that 

the observed levels of IFN-γ production might additionally have their origin in γδ T cells 

and CD8
+
 T cells. Others showed that following oral vaccination with lipid encapsulated 

BCG, IFN-γ producing cells are confined to the spleen but not to the mesenteric lymph 

nodes, Peyer’s patches or the lung (659,648).  

Sorting for the expression of specific marker molecules has shown that these CD4
+
 T 

cells express CD44. CD44 is expressed on a number of activated cells, including 

cytotoxic T cells and CD4
+
 T cells. Earlier experiments with lipid formulated BCG have 

shown that oral vaccination leads to the generation CD4
+
 T cells as main producer of 

IFN-γ (659). This is in contrast to a report on the generation of mainly IFN-γ producing 

CD8
+
CD44

hi
 cells following subcutaneous vaccination (764).  

Sallusto et al. (45) used the expression profile of CD62L and CD44 to distinguish 

between effector memory (CD44
hi
CD62L

lo
; TEM) and central memory (CD44

hi
CD62L

hi
; 

TCM) T cells. IFN-γ producing CD4
+
 T cells generated following oral vaccination did not 

express CD62L, which is expressed for example on naïve T cells and allows the 

recirculation between the blood and lymph node (765) but CD44 which allows interaction 

of cells with endothelia (766). Therefore, oral vaccination with lipid-encapsulated BCG 

leads to the formation of specific TEM cells. TEM are assumed to reside mainly in 

peripheral tissue where they quickly react upon re-challenge (767,45). 

CD4
+
CD44

hi
CD62L

lo
 cells producing IFN-γ have been found to reside in the lungs 

following subcutaneous vaccination with M. bovis BCG (381). However, our work has 

clearly shown BCG reactive CD4
+
CD44

hi
CD62L

lo 
T cells in spleen. 

Using a Leishmania model, Zaph et al. (768) adoptively transferred CD4
+
CD62L

high
IFN-

γ
-
 TCM and showed that these afforded protection upon re-challenge. Interestingly, IFN-γ 

producing CD62L
lo
 cells could be isolated from the lung of challenged mice and this 
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group argued that TCM developed into T effector cells following challenge. Similarly, 

while Kipnis et al. (381) showed the presence of TEM producing IFN-γ in the lung, 

adoptive transfer did not result in protection. Instead, cells granting protection against re-

challenge were of a CD44
lo
CD62L

hi 
phenotype that were negative for IFN-γ production 

and suggested that these cells from a reservoir for TEM cells resident in the lungs after 

vaccination.  

This might be explained by the poor survival of IFN-γ producing Th1 cells following 

adoptive transfer (389), or the inability of such cells to develop into memory cells (389), 

possibly due to IFN-γ-induced apoptosis in activated CD44
hi
CD4

+
 T cells (365).  Further 

evidence of this assumption is given by a study performed by Silva et al. (764) who 

showed that IFN-γ producing CD44
hi
CD8

+
 T cells, but not CD44

hi
CD4

+
 T cells provide 

protection following adoptive transfer and re-challenge. Furthermore, Th1 cells that do 

not secrete IFN-γ are able to survive for extended periods and are able to secrete IFN-γ 

following re-stimulation (389). This suggests that memory cells might emerge from these 

IFN-γ
-
 cells. However, a more recent study used a Thy1.1 reporter molecule to identify 

IFN-γ
+
 effector cells and showed that these were able to differentiate into memory cells 

following adoptive transfer (769). Additionally, IFN-γ
-
 cells gave rise to IFN-γ producing 

effector memory cells, however, to a lesser account than their transferred IFN-γ
+
 counter 

parts. 

Additionally, the absence of antigen might reduce the viability of IFN-γ secreting TEM. In 

the studies performed by Zaph et al. and Kipnis et al. pathogens were cleared via 

irradiation or administration of antibiotics prior to adoptive transfer, which resulted in 

loss of effector CD4
+
 T cells. Thus, absence of antigen might have reduced the viability 

of IFN-γ secreting TEM. However, both TEM and TCM might persist for multiple years even 

in apparent absence of antigen, as has been shown via reactivity following tetanus 

vaccination (45). Survival of memory T cells might not depend on the triggering of MHC 

class II molecules alone but the presence of cytokines such as IL-15 and IL-7 (770).  

In the present study, antigen was continuously available which might promote survival, 

or alternatively, continuous de novo generation of TEM. Since stimulation of CD62L
+
 

splenocytes with PPD-B resulted in detectable IFN-γ generation it is very likely that oral 

vaccination leads to the generation of at least a minor population of CD44
+
CD62L

+
 TCM. 
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Even though TCM have been defined as not expressing any effector molecules (45), the 

same authors showed that some fractions of TCM do release IFN-γ in presence of DC and 

superantigen. 

While oral vaccination with BCG leads to the formation of antigen reservoirs in the 

alimentary tract lymphatics, IFN-γ secreting splenic TEM did not express mucosal homing 

markers such as CD103 or β7 (chapter 5). CD103 is a ligand for E-cadherin which is 

expressed on intraepithelial lymphocytes and promotes entry to the lamina propria (130). 

β7 forms heterodimers together with α4 and binds to MAdCAM-1 which is expressed on 

high endothelial venules (105). The absence of α4β7 expression on reactive T cells was 

shown earlier by Dorer et al. (659).  

Apart from the crucial role of IFN-γ in immunity against pulmonary diseases, other 

cytokines, for example IL-17, have been discussed as being essential for the immunity 

against aerosol infection (313). Khader et al. (290) proposed that IL-17 producing cells 

form a population in the lung following vaccination where they can quickly react upon 

re-challenge. Apart from IFN-γ, splenocytes from subcutaneously vaccinated mice 

released IL-17 and detectable levels of TNF-α. TNF-α is expressed by different kinds of 

cells including macrophages and T cells and is important for protection against primary 

infection with tuberculosis. The absence of TNF-α leads to necrosis in lesions and 

infected mice were rapidly killed following infection with M. tuberculosis (771). 

However, IL-2 was not expressed by splenocytes from subcutaneously vaccinated mice 

using Lincoplex assays (chapter 5), which is consistent with a study performed by 

Aldwell et al. (635). This is of interest as IL-2 was described as being produced by TCM 

(45) and has recently be described as a marker for latent tuberculosis, as T cells from 

patients with latent tuberculosis express more IL-2 than T cells from patients with active 

tuberculosis (772). Infante-Duatrte et al. (279) used transgenic CD4
+
 T cells to show the 

release of IL-17 and TNF-α in presence of mycobacterial lysates, but  only a minority of 

T cells co-expressed IL-2. Additionally, Jovanovic et al. (773) showed that IL-17 

stimulates the  expression of TNF-α and IL-1β in human macrophages. IL-1β is a pro-

inflammatory cytokine that is important in protection against intracellular pathogens as 

has been shown in Listeria monocytogenes and Mycobacterium tuberculosis infection 
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(774). In this work, we did not observe secretion of IL-1β by splenocytes isolated from 

subcutaneously immunized mice.  

 

I was able to show that the main population of IL-17 producing cells following oral 

administration of lipid-encapsulated BCG resided in the spleen. However, a small 

proportion of IL-17 producing cells were also recovered from the lung draining 

mediastinal lymph nodes and the mesenteric lymph nodes (see chapter 5). This might 

suggest that IL-17 secreting cells re-circulate between the spleen and lymphoid tissues. 

Wang et al. (775) showed that Th17 cells preferentially migrate to intestinal mucosa 

associated lymphoid tissues via the expression of CCR6 and are able to enter the Peyer’s 

patches. Taking into account that following oral vaccination, BCG forms a reservoir in 

this lymphoid tissue, it is possible that Th17 cells migrate to the GALT where they 

become activated and then move to other tissues like the spleen. Also, Lim et al. (776) 

showed that Th17 are able to access the same lymphoid tissues as Th1 and Th2 cells and 

are able to migrate to non-lymphoid tissues.  

However, further investigation revealed that the nature of IL-17 producing cells in this 

model are not of a CD4
+
 phenotype and therefore cannot be regarded as Th17 cells (see 

chapter 5). Instead, the majority of IL-17 producing cells were part of the CD4
-
CD8

-
 

population as demonstrated following in vitro stimulation of splenocytes with PPD-B or 

BCG-DC. The number of cells activated to produce IL-17 was much higher when 

splenocytes were incubated with BCG-pulsed DC compared to incubation with PPD–B 

alone. This suggests that triggering of the T cell receptor is not as important as the 

presence of cytokines produced by DC, or that whole bacteria contain lipid or protein 

antigens necessary for the optimal triggering of IL-17 release. This observation is 

consistent with a study performed by Lockhart et al. (294) who showed that lung cells 

isolated from mice infected with M. tuberculosis via the airways, produced IL-17 when 

incubated with M. tuberculosis infected DC or their supernatant only. Interestingly, naïve 

splenocytes, too released IL-17 in response to incubation with Mycobacterium 

tuberculosis infected DC, their supernatant or IL-23 alone (294). The production of IL-17 

observed in the oral vaccination model, therefore, might also be an unspecific response 

due to the presence of IL-23 induced by mycobacterial products. However, as CD4
-
CD8

-
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cells also release IL-17 in response to PPD-B alone, at least some cells must be able to do 

this in an antigen-dependent manner. 

Unfortunately, further determination of the nature of the T cell receptor of IL-17 

secreting cells was of little success. This was mainly due to technical difficulties in 

isolating sufficient numbers of γδ T cells from the spleen of orally vaccinated mice. A 

study conducted by Fulton et al. (763) showed that the number of γδ T cells in the spleen 

six weeks following intratracheally infection was only about 2×10
6
 cells. However, 

because of the absence of IL-17 from splenocytes expressing either CD4 or CD8, it is 

likely that theses cells indeed are part of the γδ TCR phenotype.  

γδ T cells have been shown to be the predominant IL-17 producing cell-type in mice 

(292) and play an important role in the innate response against the intracellular pathogen 

Listeria monocytogenes (777). Furthermore, Umemura et al. (658) presented evidence 

that IL-17 producing cells residing in the lung following aerosol infection with M. bovis 

BCG are of a γδ T cell phenotype and important for an optimal Th1 response following 

aerosol challenge with Mycobacterium bovis BCG. Even though the importance of γδ T 

cells in the innate immunity against pulmonary and intracellular pathogens has been 

discussed in the literature, their role in memory responses and secondary infections is not 

as clear. Recently, Schulz et al. (778) published a study showing that absence of IL-17 

had no effect on immunity to the extracellular pathogen Salmonella enterica, however, at 

later time points, elevated bacterial burden could be found in the liver and spleen as well 

as a compromised delayed type hypersensitivity reactivity in IL-17A
-/- 
mice compared to 

wild type mice following injection with heat killed S. enteritidis 20 days post infection. 

This suggests that at later time points Th17 cells and IL-17 producing γδ T cells might 

play a role in protective immunity against extracellular pathogens. Even though IFN-γ 

and IL-17 were examined in depth, it is also possible that other T cells are present that do 

not express these cytokines. 

 

Conclusions and future work 

Current research concerning the development of vaccines against tuberculosis is mainly 

aimed at the inclusion of Mycobacterium tuberculosis specific subunits to enhance the 
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vaccines ability to activate the immune system (779,780). In this thesis, however, 

fundamental relationships of the live vaccine with the immune system were analysed in a 

model of oral vaccination that has been demonstrated to lead to protection against 

pulmonary tuberculosis in mice (635). The aim was to understand how BCG interacts 

with the body and this information will be useful to understand how the activation of the 

immune system can be enhanced by live vaccine, as well as addressing route of 

administration as role in efficiency of BCG vaccination.  

Following oral vaccination, only a small number of bacteria penetrate the gut and could 

be recovered from the spleen and blood at early time points, however, as they are cleared 

quickly it is unlikely that they contribute to the formation of immunity. Instead, 

populations of BCG persisted as either small groups of extracellular rods, or inside sub-

capsular macrophages as cocci. Both might be part of the normal life cycle of BCG in 

vivo, but might also be a way of the bacteria to evade the immune system. It remains to 

be determined whether the relative contribution that filamentous and coccoid forms make 

to immunity. In vitro experiments conducted in our lab questioning which stress factors 

might lead to the formation of cocci, including low pH, antibiotic treatment and oxygen 

and nutrient starvation, show that these factors alone are not sufficient to induce coccoid 

transformation. However, taking a study of Deb et al. (737) into account, more than one 

stress factor might be needed to generate cocci in vitro.  

 

Additionally, only a minority of BCG could be seen to reside in cells, however, these did 

not include typical antigen presenting cells. CD11c
high
 DC have been shown to be 

important in priming of CD4
+
 T cells following oral and nasal immunization (781), 

however, as this thesis shows, antigen specific T cells can be generated in vivo. However,  

CD11c
+ 
DC from orally vaccinated mice were not able to trigger proliferation or cytokine 

secretion of antigen specific T cells. Therefore, the main source of antigen might have 

been provided in form of soluble molecules. A way to test this hypothesis is the 

implantation of hollow fibre filled with live BCG into the sub-cutaneous space of mice, 

as previously performed by Karakousis et al. (782). The semi-permeability of the fibre 

should prevent the passage of BCG into the mouse and generation of any antigen-specific 

T cell response would be due to soluble factors. Additionally, stress factors generated by 
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immune cells to the presence of BCG inside the fibre leads to induction of a dormant 

state (782) which might be accompanied by the formation of cocci. Therefore hollow 

fibre experiments could help answering the question of the role of cocci and soluble 

factors in the generation of antigen-specific immunity. 

 

Even though BCG was not identified in typical APC, antigen-specific IFN-γ
+
 TEM could 

be isolated from the spleen. Interestingly, BCG specific IFN-γ
+
 TEM did not express 

mucosal homing markers that might allow access to the alimentary tract lymphatics. IFN-

γ
+
 TEM might originate from IFN-γ

-
 TCM,

 
 as has been described earlier (381,768). It 

would be interesting to see if TCM are generated in this model and if these cells reside in 

the spleen or in the alimentary tract lymphatics. TCM might lack effector function, but 

instead could continuously generate effector memory T cells in the presence of soluble 

antigen. This induction of TCM in the GALT might be accompanied with the switching of 

homing marker expression. To test this hypothesis TCM could be adoptively transferred 

and generation of TEM monitored following administration of soluble antigen. This might 

also help answering the question if TEM die quickly and are continuously generated from 

TCM or if a pool of TEM is kept alive for prolonged periods of time.   

Design of future vaccines has to address the contribution of extracellular rods and 

intracellular cocci to the immune response. Furthermore, oral vaccination underlines the 

importance of soluble antigen in activating the immune system and generation of memory 

cells. Additionally, enhanced activation of APC should be addressed. Recently, in a study 

conducted by Nambiar et al. (783), the expression of GM-CSF in BCG, led to an increase 

of DC numbers and enhanced priming and migration of CD4
+
 T cells. Finally, taking the 

advantages of oral vaccination into account, as well as the generation of a successful 

immune response to oral BCG in mice, guinea pigs, possums and livestock 

(650,652,784,634,653,655) it might be time to re-think the use of oral administration in 

humans. 
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Appendix 1 
 

BCG oriented towards the mucosa muscularis in Peyer’s patches. Detection of BCG with 

antibody and AEC, DC are stained blue with CD11c-bio and Vector-blue. 

 

 
 

 

 

RPF factors isolated from filtered supernatant (0.2 µm) of cultured BCG contains 

bacterial forms that can be recovered in MPN assays (table shows positive wells out of 

five) 

 

 

 MPN-plate 1 positive wells MPN-plate 1 positive wells 

Dilutions 5/5 5/5 

neat 5/5 5/5 

10
-1 

5/5 5/5 

10
-2 

5/5 5/5 

10
-3 

5/5 5/5 

10
-4 

5/5 5/5 

10
-5 

5/5 5/5 

10
-6 

5/5 5/5 

10
-7 

5/5 5/5 

10
-8 

5/5 5/5 

10
-9 

5/5 5/5 

 

 

 


