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Abstract
During the course of this thesis factors mediating successful oral vaccination with lipidencapsulated Mycobacterium bovis BCG were examined. Mice were fed 2x107 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 subcapsular 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 multicellular 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

1

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 costimulatory 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
5

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 ductassociated 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: subepithelial 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 subepithelial 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 CD44hiCD45RBloCD62L-.

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, Pselectin 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 intraepithelial 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.

11

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 GMCSF, 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 CD4low 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
CD4low 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 autoreactive 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 autoreactive 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 selfantigen 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 lowaffinity 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 Tbet 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 IL17A, 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 helperphenotype 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 IL1 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 antigenstimulation, 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) CD44hi (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 CD44hi (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).

30

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 γδTCR 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 tissuespecific 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 cellindependent 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 IFNγ (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 IL10 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

37

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 coinfected 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 reactivation 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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M. bovis

BCG

RD1 (572)

present

absent

RD2 (572)

present

absent in strains generated

operon, gene, protein or
insertion sequence

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, IL10, 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, 106
CFU BCG (635,650) are needed for subcutaneous vaccination, however, for oral
vaccination with formulated BCG 1-5x107 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 1-2×107 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, 106 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 postadministration of antibiotics.

Bacteria
Cultivation of mycobacteria
Mycobacteria were grown in flasks by adding approximately 2×108 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 (~2×107 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 batterypowered 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
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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 2×107/ ml in 0.1 % BSA/PBS/5mM EDTA. Ratanti-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 antirat beads (Bangs laboratories cat# BM560) were added for every 108 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 106/ 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

56

(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 2×106 cells/ ml. In most
experiments, 2×105 cells were added per well of 96- well round-bottom plate (Nunc cat#
163320) with 5×103 DC; either non-pulsed DC, BCG-pulsed DC (BCG-DC), M. bovispulsed 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# 002023) 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.

58

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 106 cells (SFU/106
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 106 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 106/ 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 106 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 108 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 (2×105) were added to wells containing 100µl of media, as
negative control, or stimulants: either 30 µg/ ml PPD-B, 5×103 naïve DC or 5×103 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-3H] 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-3H]
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: IL1β, 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: 49×103. Additionally, as only 50 µl
of a 2 ml sample were plated per dilution, numbers have to be further multiplied by 40.
Therefore: 49×103×40 = 1.96×106 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 45oC 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.
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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.
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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.
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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 eGFPwas 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 interfollicular 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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a)

b)

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.
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a)

b)

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).
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a)

b)
b)

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.
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a)

b)

c)

d)

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.
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a)

b)

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.
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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 106
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
2×107 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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a)

b)

c)

d)

Figure 3.6: Testing of leukocyte-specific antibodies on splenocytes and bone marrowderived 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.
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a)

b)

c)

d)

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).
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a)

b)

Figure 3.8: BCG detected in spleen sections. Mice were intravenously injected with 106
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).
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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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a)

b)

Figure 3.9: BCG is associated with alimentary tract lymphatics following oral
vaccination. Four mice per group were orally vaccinated with 2×107 CFU lipidencapsulated 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.
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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 2×107 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-Ed,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 bluestained (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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a)

Fc
Fc

b)
Fc

Fc
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).
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a)
Fc

Fc

b)
Fc

Fc
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: interfollicular area. Scale equals 100 µm (×10) and scale of inserts equals 5 µm (×100, oil).
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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 (144-4; 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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a)

b)

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).
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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).

97

a)

b)

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.
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a)

b)

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).
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a)

b)

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).
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a)

b)

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.
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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 (106 CFU) or BCG (106 CFU). Cervical lymph nodes,
brachial lymph nodes and axillary lymph nodes were pooled, divided into leukocytecontaining 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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a)

*

b)

n.s.

Figure 3.18: Mycobacterium avium colonization of draining lymph nodes results in
diffuse antigen deposition. Mice were subcutaneously injected with 106 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.
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a)

b)

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.
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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 (106 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 ZiehlNeelsen 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 (106 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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a)

b)

Figure 3.20: Amikacin is not able to kill mycobacteria in vivo. Six mice were
subcutaneously injected with 106 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.
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a)

b)

c)

d)

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).
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Figure 3.22: Small aggregations of cocci. Mesenteric lymph nodes isolated 12 weeks
post vaccination from orally vaccinated mice (2x107 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 106 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 106 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 106 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 (2×107 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
106 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 (106 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 106
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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a)

b)

c)

Figure 3.23: Discrepancy in numbers of BCG recovered in plating and counted in
histology. Six mice were subcutaneously injected with 106 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 counterstained 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.
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a)

b)

c)

Figure 3.24: BCG form cocci in subcutaneously injected IFN-γ-/- mice. Five IFN-γ-/- mice
were subcutaneously injected with BCG (106 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).
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a)

b)

c)

Figure 3.25: Coccoid forms of Mycobacterium avium ssp. hominus. Mice were
subcutaneously injected with 106 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).
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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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a)

b)

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 106 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.
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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 (106
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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a)

b)

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 (2x107
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.
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a)

b)

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.
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a)

b)

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 (2x107 CFU BCG) and
from the spleen of an intravenously infected mouse (106 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).
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a)
b)

b)

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 (106 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).
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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. ELISAassays 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-prewetting 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. BCGpulsed 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, prewetting membranes with 35 % ethanol were compared with non pre-wetted membranes.
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a)

b)

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).
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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-Ad), 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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a)

b)

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.
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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 106 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
2×107 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 106 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
106 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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a)

b)

c)

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 106 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.
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a)

b)

c)

Figure 4.6: Spleen-derived APC from orally vaccinated mice are not able to activate
antigen specific T cells. Mice were orally vaccinated with 2x107 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 CD11ccells were incubated with MHC class II depleted cells from the spleen of subcutaneously
vaccinated mice (106 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.
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a)

b)

c)

Figure 4.7: APC isolated from mesenteric lymph nodes are not able to activate antigen
specific T cells. Mice were orally vaccinated with 2×107 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 (106 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.
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Chapter 5: The role of IFNγγ 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, bonemarrow 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 BCGDC 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
2×107 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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a)

b)

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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a)

b)

Figure 5.3: Antigen-specific IFN-γ producing splenocytes resemble T effector memory
cells. Splenocytes were isolated 6 weeks post oral vaccination with 2x107 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.

144

a)

b)

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.

145

a)

b)

Figure 5.5: IFN-γ producing lymphocytes do not express α4 or β7. Mice were orally
vaccinated with 2×107 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.
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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 106 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

147

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

vaccinated mice (106 CFU) and incubated with bone marrow derived DC, DC pulsed with living BCG (BCG-D

heat-killed BCG (BCG-DC (HK). Release of cytokines was measured in a Lincoplex assay. nd: not detectable
mean ± SD from duplicates.

n.s.
n.s.
**
***
n.s.

**
n.s.
n.s.

n.s.

Figure 5.7: IL-17 producing cells are mostly confined to the spleen. Two mice were
vaccinated with 2×107 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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a)

b)

Figure 5.8: IL-17 producing cells do not express CD4 or CD8. Splenocytes were isolated
six weeks post vaccination from orally vaccinated mice (2×107 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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a)

b)

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 2×107 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 2×107 CFU of lipidformulated 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 2×107 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 5-10×108 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 (~2×108).
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 lymphocytefree 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 sputumnegative 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 nonmycobacterial 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 BCGspecific 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-/- knockout 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 IFNγ 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+CD44hi cells following subcutaneous vaccination (764).
Sallusto et al. (45) used the expression profile of CD62L and CD44 to distinguish
between effector memory (CD44hiCD62Llo; TEM) and central memory (CD44hiCD62Lhi;
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+CD44hiCD62Llo 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+CD44hiCD62Llo T cells in spleen.
Using a Leishmania model, Zaph et al. (768) adoptively transferred CD4+CD62LhighIFNγ- TCM and showed that these afforded protection upon re-challenge. Interestingly, IFN-γ
producing CD62Llo cells could be isolated from the lung of challenged mice and this

171

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 rechallenge were of a CD44loCD62Lhi 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 CD44hiCD4+ 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 CD44hiCD8+ T cells, but not CD44hiCD4+ 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 proinflammatory 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-CD8population 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 2×106 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 subcapsular 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. CD11chigh 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. IFNγ+ 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.

177

Reference List
1. Medzhitov, R., and C. A. Janeway, Jr. 1997. Innate immunity: the virtues of a
nonclonal system of recognition. Cell 91:295.
2. Akira, S., S. Uematsu, and O. Takeuchi. 2006. Pathogen recognition and innate
immunity. Cell 124:783.
3. Muzio, M., D. Bosisio, N. Polentarutti, G. D'amico, A. Stoppacciaro, R.
Mancinelli, V. C. van't, G. Penton-Rol, L. P. Ruco, P. Allavena, and A.
Mantovani. 2000. Differential expression and regulation of toll-like receptors
(TLR) in human leukocytes: selective expression of TLR3 in dendritic cells. J.
Immunol. 164:5998.
4. Zarember, K. A., and P. J. Godowski. 2002. Tissue expression of human Tolllike receptors and differential regulation of Toll-like receptor mRNAs in
leukocytes in response to microbes, their products, and cytokines. J. Immunol.
168:554.
5. Medzhitov, R., P. Preston-Hurlburt, and C. A. Janeway, Jr. 1997. A human
homologue of the Drosophila Toll protein signals activation of adaptive
immunity. Nature 388:394.
6. Anderson, K. V., and C. Nusslein-Volhard. 1984. Information for the dorsal-ventral pattern of the Drosophila embryo is stored as maternal mRNA. Nature
311:223.
7. Lemaitre, B., E. Nicolas, L. Michaut, J. M. Reichhart, and J. A. Hoffmann.
1996. The dorsoventral regulatory gene cassette spatzle/Toll/cactus controls the
potent antifungal response in Drosophila adults. Cell 86:973.
8. Lemaitre, B., J. M. Reichhart, and J. A. Hoffmann. 1997. Drosophila host
defense: differential induction of antimicrobial peptide genes after infection by
various classes of microorganisms. Proc. Natl. Acad. Sci. U. S. A 94:14614.
9. Manicassamy, S., and B. Pulendran. 2009. Modulation of adaptive immunity
with Toll-like receptors. Semin. Immunol.
10. hmad-Nejad, P., H. Hacker, M. Rutz, S. Bauer, R. M. Vabulas, and H. Wagner.
2002. Bacterial CpG-DNA and lipopolysaccharides activate Toll-like receptors
at distinct cellular compartments. Eur. J. Immunol. 32:1958.
11. Poltorak, A., X. He, I. Smirnova, M. Y. Liu, H. C. Van, X. Du, D. Birdwell, E.
Alejos, M. Silva, C. Galanos, M. Freudenberg, P. Ricciardi-Castagnoli, B.
Layton, and B. Beutler. 1998. Defective LPS signaling in C3H/HeJ and
C57BL/10ScCr mice: mutations in Tlr4 gene. Science 282:2085.

178

12. Takeuchi, O., K. Hoshino, T. Kawai, H. Sanjo, H. Takada, T. Ogawa, K.
Takeda, and S. Akira. 1999. Differential roles of TLR2 and TLR4 in recognition
of gram-negative and gram-positive bacterial cell wall components. Immunity.
11:443.
13. McCluskie, M. J., and A. M. Krieg. 2006. Enhancement of infectious disease
vaccines through TLR9-dependent recognition of CpG DNA. Curr. Top.
Microbiol. Immunol. 311:155.
14. Kawai, T., and S. Akira. 2007. Signaling to NF-kappaB by Toll-like receptors.
Trends Mol. Med. 13:460.
15. Takeda, K., T. Kaisho, and S. Akira. 2003. Toll-like receptors. Annu. Rev.
Immunol. 21:335.
16. Blander, J. M. 2007. Coupling Toll-like receptor signaling with phagocytosis:
potentiation of antigen presentation. Trends Immunol. 28:19.
17. Matsuguchi, T., T. Musikacharoen, T. Ogawa, and Y. Yoshikai. 2000. Gene
expressions of Toll-like receptor 2, but not Toll-like receptor 4, is induced by
LPS and inflammatory cytokines in mouse macrophages. J. Immunol. 165:5767.
18. Zasloff, M. 2002. Antimicrobial peptides of multicellular organisms. Nature
415:389.
19. Ganz, T. 1999. Defensins and host defense. Science 286:420.
20. Gura, T. 2001. Innate immunity. Ancient system gets new respect. Science
291:2068.
21. Kragol, G., S. Lovas, G. Varadi, B. A. Condie, R. Hoffmann, and L. Otvos, Jr.
2001. The antibacterial peptide pyrrhocoricin inhibits the ATPase actions of
DnaK and prevents chaperone-assisted protein folding. Biochemistry 40:3016.
22. Tomlinson, S. 1993. Complement defense mechanisms. Curr. Opin. Immunol.
5:83.
23. Noel, G. J., D. M. Mosser, and P. J. Edelson. 1990. Role of complement in
mouse macrophage binding of Haemophilus influenzae type b. J. Clin. Invest
85:208.
24. Harvey, B. S., C. J. Baker, and M. S. Edwards. 1992. Contributions of
complement and immunoglobulin to neutrophil-mediated killing of enterococci.
Infect. Immun. 60:3635.
25. Morgan, E. L., S. Sanderson, W. Scholz, D. J. Noonan, W. O. Weigle, and T. E.
Hugli. 1992. Identification and characterization of the effector region within
human C5a responsible for stimulation of IL-6 synthesis. J. Immunol. 148:3937.

179

26. Davis, M. M., and P. J. Bjorkman. 1988. T-cell antigen receptor genes and Tcell recognition. Nature 334:395.
27. Weigert, M., R. Perry, D. Kelley, T. Hunkapiller, J. Schilling, and L. Hood.
1980. The joining of V and J gene segments creates antibody diversity. Nature
283:497.
28. Thompson, C. B. 1995. New insights into V(D)J recombination and its role in
the evolution of the immune system. Immunity. 3:531.
29. Marchalonis, J. J., and S. F. Schluter. 1990. On the relevance of invertebrate
recognition and defence mechanisms to the emergence of the immune response
of vertebrates. Scand. J. Immunol. 32:13.
30. Dreyfus, D. H. 1992. Evidence suggesting an evolutionary relationship between
transposable elements and immune system recombination sequences. Mol.
Immunol. 29:807.
31. Agrawal, A., Q. M. Eastman, and D. G. Schatz. 1998. Transposition mediated
by RAG1 and RAG2 and its implications for the evolution of the immune
system. Nature 394:744.
32. Guo, P., M. Hirano, B. R. Herrin, J. Li, C. Yu, A. Sadlonova, and M. D. Cooper.
2009. Dual nature of the adaptive immune system in lampreys. Nature 459:796.
33. Thomas, E. D. 1991. Frontiers in bone marrow transplantation. Blood Cells
17:259.
34. Miller, J. F. 1961. Immunological function of the thymus. Lancet 2:748.
35. von, B. H. 1988. The developmental biology of T lymphocytes. Annu. Rev.
Immunol. 6:309.
36. MacDonald, H. R., C. Blanc, R. K. Lees, and B. Sordat. 1986. Abnormal
distribution of T cell subsets in athymic mice. J. Immunol. 136:4337.
37. Benveniste, P., and R. G. Miller. 1986. Differentiation from precursors in
normal bone marrow of spontaneously cytotoxic cells showing anti-self-MHC
specificity. J. Immunol. 136:4399.
38. Lefrancois, L., and L. Puddington. 1995. Extrathymic intestinal T-cell
development: virtual reality? Immunol. Today 16:16.
39. Fichtelius, K. E. 1968. The gut epithelium--a first level lymphoid organ? Exp.
Cell Res. 49:87.

180

40. Macpherson, A. J., and T. Uhr. 2004. Compartmentalization of the mucosal
immune responses to commensal intestinal bacteria. Ann. N. Y. Acad. Sci.
1029:36.
41. Marchesi, V. T., and J. L. Gowans. 1964. The Migration of Lymphocytes
Through the Endothelium of Venules in Lymph Nodes: An Electron Microscope
Study. Proc. R. Soc. Lond B Biol. Sci. 159:283.
42. Girard, J. P., and T. A. Springer. 1995. High endothelial venules (HEVs):
specialized endothelium for lymphocyte migration. Immunol. Today 16:449.
43. Gowans, J. L., and E. J. Knight. 1964. The Route of Re-Circulation of
Lymphocytes in the Rat. Proc. R. Soc. Lond B Biol. Sci. 159:257.
44. Scheinecker, C., R. McHugh, E. M. Shevach, and R. N. Germain. 2002.
Constitutive presentation of a natural tissue autoantigen exclusively by dendritic
cells in the draining lymph node. J. Exp. Med. 196:1079.
45. Sallusto, F., D. Lenig, R. Forster, M. Lipp, and A. Lanzavecchia. 1999. Two
subsets of memory T lymphocytes with distinct homing potentials and effector
functions. Nature 401:708.
46. Mondino, A., A. Khoruts, and M. K. Jenkins. 1996. The anatomy of T-cell
activation and tolerance. Proc. Natl. Acad. Sci. U. S. A 93:2245.
47. von Andrian, U. H., and T. R. Mempel. 2003. Homing and cellular traffic in
lymph nodes. Nat. Rev. Immunol. 3:867.
48. Gretz, J. E., A. O. Anderson, and S. Shaw. 1997. Cords, channels, corridors and
conduits: critical architectural elements facilitating cell interactions in the lymph
node cortex. Immunol. Rev. 156:11.
49. Kelly, R. H. 1975. Functional anatomy of lymph nodes. I. The paracortical
cords. Int. Arch. Allergy Appl. Immunol. 48:836.
50. Ingulli, E., D. R. Ulman, M. M. Lucido, and M. K. Jenkins. 2002. In situ
analysis reveals physical interactions between CD11b+ dendritic cells and
antigen-specific CD4 T cells after subcutaneous injection of antigen. J.
Immunol. 169:2247.
51. Fu, Y. X., and D. D. Chaplin. 1999. Development and maturation of secondary
lymphoid tissues. Annu. Rev. Immunol. 17:399.
52. Pabst, R. 2007. Plasticity and heterogeneity of lymphoid organs. What are the
criteria to call a lymphoid organ primary, secondary or tertiary? Immunol. Lett.
112:1.

181

53. Mebius, R. E., and G. Kraal. 2005. Structure and function of the spleen. Nat.
Rev. Immunol. 5:606.
54. Cesta, M. F. 2006. Normal structure, function, and histology of the spleen.
Toxicol. Pathol. 34:455.
55. Matsuno, K., T. Ezaki, and M. Kotani. 1989. Splenic outer periarterial lymphoid
sheath (PALS): an immunoproliferative microenvironment constituted by
antigen-laden marginal metallophils and ED2-positive macrophages in the rat.
Cell Tissue Res. 257:459.
56. Heritage, P. L., B. J. Underdown, A. L. Arsenault, D. P. Snider, and M. R.
McDermott. 1997. Comparison of murine nasal-associated lymphoid tissue and
Peyer's patches. Am. J Respir. Crit Care Med 156:1256.
57. Nair, P. N., and H. E. Schroeder. 1986. Duct-associated lymphoid tissue
(DALT) of minor salivary glands and mucosal immunity. Immunology 57:171.
58. Knop, N., and E. Knop. 2000. Conjunctiva-associated lymphoid tissue in the
human eye. Invest Ophthalmol. Vis. Sci. 41:1270.
59. Azzali, G. 2003. Structure, lymphatic vascularization and lymphocyte migration
in mucosa-associated lymphoid tissue. Immunol. Rev. 195:178.
60. Steer, H. W. 1980. An analysis of the lymphocyte content of rat lacteals. J.
Immunol. 125:1845.
61. Jeurissen, S. H., T. Sminia, and G. Kraal. 1984. Selective emigration of
suppressor T cells from Peyer's patches. Cell Immunol. 85:264.
62. Miura, S., E. Sekizuka, H. Nagata, C. Oshio, H. Minamitani, M. Suematsu, M.
Suzuki, Y. Hamada, K. Kobayashi, H. Asakura, and . 1987. Increased
lymphocyte transport by lipid absorption in rat mesenteric lymphatics. Am. J.
Physiol 253:G596-G600.
63. Nagata, H., M. Miyairi, E. Sekizuka, T. Morishita, M. Tatemichi, S. Miura, and
M. Tsuchiya. 1994. In vivo visualization of lymphatic microvessels and
lymphocyte migration through rat Peyer's patches. Gastroenterology 106:1548.
64. Azzali, G., and M. L. Arcari. 2000. Ultrastructural and three dimensional
aspects of the lymphatic vessels of the absorbing peripheral lymphatic apparatus
in Peyer's patches of the rabbit. Anat. Rec. 258:71.
65. Azzali, G., M. Vitale, and M. L. Arcari. 2002. Ultrastructure of absorbing
peripheral lymphatic vessel (ALPA) in guinea pig Peyer's patches. Microvasc.
Res. 64:289.

182

66. Menezes, J. S., D. S. Mucida, D. C. Cara, J. I. varez-Leite, M. Russo, N. M.
Vaz, and A. M. de Faria. 2003. Stimulation by food proteins plays a critical role
in the maturation of the immune system. Int. Immunol. 15:447.
67. Ishikawa, H., T. Naito, T. Iwanaga, H. Takahashi-Iwanaga, M. Suematsu, T.
Hibi, and M. Nanno. 2007. Curriculum vitae of intestinal intraepithelial T cells:
their developmental and behavioral characteristics. Immunol. Rev. 215:154.
68. Tannock, G. W. 2001. Molecular assessment of intestinal microflora. Am. J.
Clin. Nutr. 73:410S.
69. Butler, J. E., J. Sun, P. Weber, P. Navarro, and D. Francis. 2000. Antibody
repertoire development in fetal and newborn piglets, III. Colonization of the
gastrointestinal tract selectively diversifies the preimmune repertoire in mucosal
lymphoid tissues. Immunology 100:119.
70. Falk, P. G., L. V. Hooper, T. Midtvedt, and J. I. Gordon. 1998. Creating and
maintaining the gastrointestinal ecosystem: what we know and need to know
from gnotobiology. Microbiol. Mol. Biol. Rev. 62:1157.
71. Umesaki, Y., H. Setoyama, S. Matsumoto, and Y. Okada. 1993. Expansion of
alpha beta T-cell receptor-bearing intestinal intraepithelial lymphocytes after
microbial colonization in germ-free mice and its independence from thymus.
Immunology 79:32.
72. Helgeland, L., J. T. Vaage, B. Rolstad, T. Midtvedt, and P. Brandtzaeg. 1996.
Microbial colonization influences composition and T-cell receptor V beta
repertoire of intraepithelial lymphocytes in rat intestine. Immunology 89:494.
73. Cebra, J. J., S. B. Periwal, G. Lee, F. Lee, and K. E. Shroff. 1998. Development
and maintenance of the gut-associated lymphoid tissue (GALT): the roles of
enteric bacteria and viruses. Dev. Immunol. 6:13.
74. Guarner, F., and J. R. Malagelada. 2003. Gut flora in health and disease. Lancet
361:512.
75. Macpherson, A. J., and K. Smith. 2006. Mesenteric lymph nodes at the center of
immune anatomy. J. Exp. Med. 203:497.
76. Macpherson, A. J., M. B. Geuking, and K. D. McCoy. 2005. Immune responses
that adapt the intestinal mucosa to commensal intestinal bacteria. Immunology
115:153.
77. Macpherson, A. J., and T. Uhr. 2004. Induction of protective IgA by intestinal
dendritic cells carrying commensal bacteria. Science 303:1662.
78. MacDonald, T. T. 2003. The mucosal immune system. Parasite Immunol.
25:235.

183

79. Bjerke, K., P. Brandtzaeg, and O. Fausa. 1988. T cell distribution is different in
follicle-associated epithelium of human Peyer's patches and villous epithelium.
Clin. Exp. Immunol. 74:270.
80. Chin, K., S. Onishi, M. Yuji, T. Inamoto, W. M. Qi, K. Warita, T. Yokoyama,
N. Hoshi, and H. Kitagawa. 2006. Differentiation of epithelial cells to M cells in
response to bacterial colonization on the follicle-associated epithelium of
Peyer's patch in rat small intestine. J. Vet. Med. Sci. 68:1023.
81. Gebert, A., H. J. Rothkotter, and R. Pabst. 1996. M cells in Peyer's patches of
the intestine. Int. Rev. Cytol. 167:91.
82. Abe, K., and T. Ito. 1978. Qualitative and quantitative morphologic study of
Peyer's patches of the mouse after neonatal thymectomy and hydrocortisone
injection. Am. J. Anat. 151:227.
83. Yang, V. V., P. J. O'Morchoe, and C. C. O'Morchoe. 1981. Transport of protein
across lymphatic endothelium in the rat kidney. Microvasc. Res. 21:75.
84. HogenEsch, H., and P. J. Felsburg. 1992. Immunohistology of Peyer's patches
in the dog. Vet. Immunol. Immunopathol. 30:147.
85. Liu, Y. J., G. Grouard, B. O. de, and J. Banchereau. 1996. Follicular dendritic
cells and germinal centers. Int. Rev. Cytol. 166:139.
86. Banchereau, J., and R. M. Steinman. 1998. Dendritic cells and the control of
immunity. Nature 392:245.
87. Kleindienst, P., and T. Brocker. 2005. Concerted antigen presentation by
dendritic cells and B cells is necessary for optimal CD4 T-cell immunity in
vivo. Immunology 115:556.
88. Griebel, P. J., and W. R. Hein. 1996. Expanding the role of Peyer's patches in Bcell ontogeny. Immunol. Today 17:30.
89. Larson, R. S., and T. A. Springer. 1990. Structure and function of leukocyte
integrins. Immunol. Rev. 114:181.
90. Crabbe, P. A., and J. F. Heremans. 1968. The distribution of immunoglobulincontaining cells along the human gastrointestinal tract. Gastroenterology
54:822, 825.
91. Crago, S. S., W. H. Kutteh, I. Moro, M. R. Allansmith, J. Radl, J. J. Haaijman,
and J. Mestecky. 1984. Distribution of IgA1-, IgA2-, and J chain-containing
cells in human tissues. J. Immunol. 132:16.
92. Monteiro, R. C., and J. G. Van De Winkel. 2003. IgA Fc receptors. Annu. Rev.
Immunol. 21:177.

184

93. Heystek, H. C., C. Moulon, A. M. Woltman, P. Garonne, and K. C. Van. 2002.
Human immature dendritic cells efficiently bind and take up secretory IgA
without the induction of maturation. J. Immunol. 168:102.
94. Conley, M. E., and D. L. Delacroix. 1987. Intravascular and mucosal
immunoglobulin A: two separate but related systems of immune defense? Ann.
Intern. Med. 106:892.
95. Woof, J. M., and M. A. Kerr. 2004. IgA function--variations on a theme.
Immunology 113:175.
96. van der Waaij, L. A., P. C. Limburg, G. Mesander, and W. D. van der. 1996. In
vivo IgA coating of anaerobic bacteria in human faeces. Gut 38:348.
97. Schieferdecker, H. L., R. Ullrich, H. Hirseland, and M. Zeitz. 1992. T cell
differentiation antigens on lymphocytes in the human intestinal lamina propria.
J. Immunol. 149:2816.
98. De, M. R., S. Fais, M. Silvestri, L. Frati, F. Pallone, A. Santoni, and R. Testi.
1993. Continuous in vivo activation and transient hyporesponsiveness to
TcR/CD3 triggering of human gut lamina propria lymphocytes. Eur. J.
Immunol. 23:3104.
99. Berg, M., Y. Murakawa, D. Camerini, and S. P. James. 1991. Lamina propria
lymphocytes are derived from circulating cells that lack the Leu-8 lymph node
homing receptor. Gastroenterology 101:90.
100. De, M. R., M. Boirivant, M. G. Cifone, P. Roncaioli, M. Hahne, J. Tschopp, F.
Pallone, A. Santoni, and R. Testi. 1996. Functional expression of Fas and Fas
ligand on human gut lamina propria T lymphocytes. A potential role for the
acidic sphingomyelinase pathway in normal immunoregulation. J. Clin. Invest
97:316.
101. Guo, Z., M. H. Jang, K. Otani, Z. Bai, E. Umemoto, M. Matsumoto, M.
Nishiyama, M. Yamasaki, S. Ueha, K. Matsushima, T. Hirata, and M.
Miyasaka. 2008. CD4+CD25+ regulatory T cells in the small intestinal lamina
propria show an effector/memory phenotype. Int. Immunol. 20:307.
102. von Andrian, U. H., and C. R. Mackay. 2000. T-cell function and migration.
Two sides of the same coin. N. Engl. J. Med. 343:1020.
103. Marelli-Berg, F. M., L. Cannella, F. Dazzi, and V. Mirenda. 2008. The highway
code of T cell trafficking. J. Pathol. 214:179.
104. Johansson-Lindbom, B., and W. W. Agace. 2007. Generation of gut-homing T
cells and their localization to the small intestinal mucosa. Immunol. Rev.
215:226.

185

105. Springer, T. A. 1995. Traffic signals on endothelium for lymphocyte
recirculation and leukocyte emigration. Annu. Rev. Physiol 57:827.
106. Streeter, P. R., B. T. Rouse, and E. C. Butcher. 1988. Immunohistologic and
functional characterization of a vascular addressin involved in lymphocyte
homing into peripheral lymph nodes. J. Cell Biol. 107:1853.
107. Berg, E. L., M. K. Robinson, R. A. Warnock, and E. C. Butcher. 1991. The
human peripheral lymph node vascular addressin is a ligand for LECAM-1, the
peripheral lymph node homing receptor. J. Cell Biol. 114:343.
108. Jung, T. M., W. M. Gallatin, I. L. Weissman, and M. O. Dailey. 1988. Downregulation of homing receptors after T cell activation. J. Immunol. 141:4110.
109. Hamann, A., D. Jablonski-Westrich, K. U. Scholz, A. Duijvestijn, E. C.
Butcher, and H. G. Thiele. 1988. Regulation of lymphocyte homing. I.
Alterations in homing receptor expression and organ-specific high endothelial
venule binding of lymphocytes upon activation. J. Immunol. 140:737.
110. Gallatin, W. M., I. L. Weissman, and E. C. Butcher. 1983. A cell-surface
molecule involved in organ-specific homing of lymphocytes. Nature 304:30.
111. Hwang, S. T., M. S. Singer, P. A. Giblin, T. A. Yednock, K. B. Bacon, S. I.
Simon, and S. D. Rosen. 1996. GlyCAM-1, a physiologic ligand for L-selectin,
activates beta 2 integrins on naive peripheral lymphocytes. J. Exp. Med.
184:1343.
112. Marlin, S. D., and T. A. Springer. 1987. Purified intercellular adhesion
molecule-1 (ICAM-1) is a ligand for lymphocyte function-associated antigen 1
(LFA-1). Cell 51:813.
113. Berlin, C., R. F. Bargatze, J. J. Campbell, U. H. von Andrian, M. C. Szabo, S.
R. Hasslen, R. D. Nelson, E. L. Berg, S. L. Erlandsen, and E. C. Butcher. 1995.
alpha 4 integrins mediate lymphocyte attachment and rolling under physiologic
flow. Cell 80:413.
114. Berlin, C., E. L. Berg, M. J. Briskin, D. P. Andrew, P. J. Kilshaw, B. Holzmann,
I. L. Weissman, A. Hamann, and E. C. Butcher. 1993. Alpha 4 beta 7 integrin
mediates lymphocyte binding to the mucosal vascular addressin MAdCAM-1.
Cell 74:185.
115. Wagner, N., J. Lohler, E. J. Kunkel, K. Ley, E. Leung, G. Krissansen, K.
Rajewsky, and W. Muller. 1996. Critical role for beta7 integrins in formation of
the gut-associated lymphoid tissue. Nature 382:366.
116. Streeter, P. R., E. L. Berg, B. T. Rouse, R. F. Bargatze, and E. C. Butcher. 1988.
A tissue-specific endothelial cell molecule involved in lymphocyte homing.
Nature 331:41.

186

117. Berg, E. L., L. M. McEvoy, C. Berlin, R. F. Bargatze, and E. C. Butcher. 1993.
L-selectin-mediated lymphocyte rolling on MAdCAM-1. Nature 366:695.
118. Lefrancois, L., C. M. Parker, S. Olson, W. Muller, N. Wagner, M. P. Schon, and
L. Puddington. 1999. The role of beta7 integrins in CD8 T cell trafficking
during an antiviral immune response. J. Exp. Med. 189:1631.
119. Hamann, A., D. P. Andrew, D. Jablonski-Westrich, B. Holzmann, and E. C.
Butcher. 1994. Role of alpha 4-integrins in lymphocyte homing to mucosal
tissues in vivo. J. Immunol. 152:3282.
120. Arbones, M. L., D. C. Ord, K. Ley, H. Ratech, C. Maynard-Curry, G. Otten, D.
J. Capon, and T. F. Tedder. 1994. Lymphocyte homing and leukocyte rolling
and migration are impaired in L-selectin-deficient mice. Immunity. 1:247.
121. Hesterberg, P. E., D. Winsor-Hines, M. J. Briskin, D. Soler-Ferran, C. Merrill,
C. R. Mackay, W. Newman, and D. J. Ringler. 1996. Rapid resolution of
chronic colitis in the cotton-top tamarin with an antibody to a gut-homing
integrin alpha 4 beta 7. Gastroenterology 111:1373.
122. Svensson, M., J. Marsal, A. Ericsson, L. Carramolino, T. Broden, G. Marquez,
and W. W. Agace. 2002. CCL25 mediates the localization of recently activated
CD8alphabeta(+) lymphocytes to the small-intestinal mucosa. J. Clin. Invest
110:1113.
123. McLellan, A. D., M. Kapp, A. Eggert, C. Linden, U. Bommhardt, E. B. Brocker,
U. Kammerer, and E. Kampgen. 2002. Anatomic location and T-cell stimulatory
functions of mouse dendritic cell subsets defined by CD4 and CD8 expression.
Blood 99:2084.
124. Johansson-Lindbom, B., M. Svensson, O. Pabst, C. Palmqvist, G. Marquez, R.
Forster, and W. W. Agace. 2005. Functional specialization of gut CD103+
dendritic cells in the regulation of tissue-selective T cell homing. J. Exp. Med.
202:1063.
125. Annacker, O., J. L. Coombes, V. Malmstrom, H. H. Uhlig, T. Bourne, B.
Johansson-Lindbom, W. W. Agace, C. M. Parker, and F. Powrie. 2005.
Essential role for CD103 in the T cell-mediated regulation of experimental
colitis. J. Exp. Med. 202:1051.
126. Stagg, A. J., M. A. Kamm, and S. C. Knight. 2002. Intestinal dendritic cells
increase T cell expression of alpha4beta7 integrin. Eur. J. Immunol. 32:1445.
127. Mora, J. R., M. R. Bono, N. Manjunath, W. Weninger, L. L. Cavanagh, M.
Rosemblatt, and U. H. von Andrian. 2003. Selective imprinting of gut-homing T
cells by Peyer's patch dendritic cells. Nature 424:88.

187

128. Cerf-Bensussan, N., A. Jarry, N. Brousse, B. Lisowska-Grospierre, D. GuyGrand, and C. Griscelli. 1987. A monoclonal antibody (HML-1) defining a
novel membrane molecule present on human intestinal lymphocytes. Eur. J.
Immunol. 17:1279.
129. Kilshaw, P. J., and S. J. Murant. 1990. A new surface antigen on intraepithelial
lymphocytes in the intestine. Eur. J. Immunol. 20:2201.
130. Cepek, K. L., S. K. Shaw, C. M. Parker, G. J. Russell, J. S. Morrow, D. L.
Rimm, and M. B. Brenner. 1994. Adhesion between epithelial cells and T
lymphocytes mediated by E-cadherin and the alpha E beta 7 integrin. Nature
372:190.
131. Huleatt, J. W., and L. Lefrancois. 1995. Antigen-driven induction of CD11c on
intestinal intraepithelial lymphocytes and CD8+ T cells in vivo. J. Immunol.
154:5684.
132. Inaba, K., M. Inaba, M. Naito, and R. M. Steinman. 1993. Dendritic cell
progenitors phagocytose particulates, including bacillus Calmette-Guerin
organisms, and sensitize mice to mycobacterial antigens in vivo. J Exp. Med.
178:479.
133. Moll, H., H. Fuchs, C. Blank, and M. Rollinghoff. 1993. Langerhans cells
transport Leishmania major from the infected skin to the draining lymph node
for presentation to antigen-specific T cells. Eur. J. Immunol. 23:1595.
134. Reis e Sousa, P. D. Stahl, and J. M. Austyn. 1993. Phagocytosis of antigens by
Langerhans cells in vitro. J. Exp. Med. 178:509.
135. Svensson, M., B. Stockinger, and M. J. Wick. 1997. Bone marrow-derived
dendritic cells can process bacteria for MHC-I and MHC-II presentation to T
cells. J. Immunol. 158:4229.
136. Sallusto, F., M. Cella, C. Danieli, and A. Lanzavecchia. 1995. Dendritic cells
use macropinocytosis and the mannose receptor to concentrate macromolecules
in the major histocompatibility complex class II compartment: downregulation
by cytokines and bacterial products. J. Exp. Med. 182:389.
137. Jiang, W., W. J. Swiggard, C. Heufler, M. Peng, A. Mirza, R. M. Steinman, and
M. C. Nussenzweig. 1995. The receptor DEC-205 expressed by dendritic cells
and thymic epithelial cells is involved in antigen processing. Nature 375:151.
138. Sallusto, F., and A. Lanzavecchia. 1994. Efficient presentation of soluble
antigen by cultured human dendritic cells is maintained by
granulocyte/macrophage colony-stimulating factor plus interleukin 4 and
downregulated by tumor necrosis factor alpha. J. Exp. Med. 179:1109.

188

139. Schuler, G., N. Romani, and R. M. Steinman. 1985. A comparison of murine
epidermal Langerhans cells with spleen dendritic cells. J. Invest Dermatol.
85:99s.
140. Caux, C., B. Vanbervliet, C. Massacrier, M. Azuma, K. Okumura, L. L. Lanier,
and J. Banchereau. 1994. B70/B7-2 is identical to CD86 and is the major
functional ligand for CD28 expressed on human dendritic cells. J. Exp. Med.
180:1841.
141. Inaba, K., M. Witmer-Pack, M. Inaba, K. S. Hathcock, H. Sakuta, M. Azuma,
H. Yagita, K. Okumura, P. S. Linsley, S. Ikehara, S. Muramatsu, R. J. Hodes,
and R. M. Steinman. 1994. The tissue distribution of the B7-2 costimulator in
mice: abundant expression on dendritic cells in situ and during maturation in
vitro. J. Exp. Med. 180:1849.
142. Caux, C., C. Massacrier, B. Vanbervliet, B. Dubois, K. C. Van, I. Durand, and J.
Banchereau. 1994. Activation of human dendritic cells through CD40 crosslinking. J. Exp. Med. 180:1263.
143. Cella, M., D. Scheidegger, K. Palmer-Lehmann, P. Lane, A. Lanzavecchia, and
G. Alber. 1996. Ligation of CD40 on dendritic cells triggers production of high
levels of interleukin-12 and enhances T cell stimulatory capacity: T-T help via
APC activation. J. Exp. Med. 184:747.
144. Koch, F., U. Stanzl, P. Jennewein, K. Janke, C. Heufler, E. Kampgen, N.
Romani, and G. Schuler. 1996. High level IL-12 production by murine dendritic
cells: upregulation via MHC class II and CD40 molecules and downregulation
by IL-4 and IL-10. J. Exp. Med. 184:741.
145. Wong, B. R., R. Josien, S. Y. Lee, B. Sauter, H. L. Li, R. M. Steinman, and Y.
Choi. 1997. TRANCE (tumor necrosis factor [TNF]-related activation-induced
cytokine), a new TNF family member predominantly expressed in T cells, is a
dendritic cell-specific survival factor. J. Exp. Med. 186:2075.
146. Anderson, D. M., E. Maraskovsky, W. L. Billingsley, W. C. Dougall, M. E.
Tometsko, E. R. Roux, M. C. Teepe, R. F. DuBose, D. Cosman, and L. Galibert.
1997. A homologue of the TNF receptor and its ligand enhance T-cell growth
and dendritic-cell function. Nature 390:175.
147. Starling, G. C., A. D. McLellan, W. Egner, R. V. Sorg, J. Fawcett, D. L.
Simmons, and D. N. Hart. 1995. Intercellular adhesion molecule-3 is the
predominant co-stimulatory ligand for leukocyte function antigen-1 on human
blood dendritic cells. Eur. J. Immunol. 25:2528.
148. McLellan, A. D., G. C. Starling, L. A. Williams, B. D. Hock, and D. N. Hart.
1995. Activation of human peripheral blood dendritic cells induces the CD86
co-stimulatory molecule. Eur. J. Immunol. 25:2064.

189

149. Winzler, C., P. Rovere, M. Rescigno, F. Granucci, G. Penna, L. Adorini, V. S.
Zimmermann, J. Davoust, and P. Ricciardi-Castagnoli. 1997. Maturation stages
of mouse dendritic cells in growth factor-dependent long-term cultures. J. Exp.
Med. 185:317.
150. Buelens, C., V. Verhasselt, G. D. De, K. Thielemans, M. Goldman, and F.
Willems. 1997. Human dendritic cell responses to lipopolysaccharide and CD40
ligation are differentially regulated by interleukin-10. Eur. J. Immunol. 27:1848.
151. De, G. E., U. D'Oro, and A. Wack. 2009. Immunology of TLR-independent
vaccine adjuvants. Curr. Opin. Immunol. 21:339.
152. Baccala, R., K. Hoebe, D. H. Kono, B. Beutler, and A. N. Theofilopoulos. 2007.
TLR-dependent and TLR-independent pathways of type I interferon induction
in systemic autoimmunity. Nat. Med. 13:543.
153. Munz, C., R. M. Steinman, and S. Fujii. 2005. Dendritic cell maturation by
innate lymphocytes: coordinated stimulation of innate and adaptive immunity. J.
Exp. Med. 202:203.
154. Bevan, M. J. 1976. Cross-priming for a secondary cytotoxic response to minor
H antigens with H-2 congenic cells which do not cross-react in the cytotoxic
assay. J. Exp. Med. 143:1283.
155. Carbone, F. R., and M. J. Bevan. 1990. Class I-restricted processing and
presentation of exogenous cell-associated antigen in vivo. J. Exp. Med. 171:377.
156. Schirmbeck, R., W. Bohm, and J. Reimann. 1997. Stress protein (hsp73)mediated, TAP-independent processing of endogenous, truncated SV40 large T
antigen for Db-restricted peptide presentation. Eur. J. Immunol. 27:2016.
157. MacAry, P. A., M. Lindsay, M. A. Scott, J. I. Craig, J. P. Luzio, and P. J.
Lehner. 2001. Mobilization of MHC class I molecules from late endosomes to
the cell surface following activation of CD34-derived human Langerhans cells.
Proc. Natl. Acad. Sci. U. S. A 98:3982.
158. Kleijmeer, M. J., J. M. Escola, F. G. UytdeHaag, E. Jakobson, J. M. Griffith, A.
D. Osterhaus, W. Stoorvogel, C. J. Melief, C. Rabouille, and H. J. Geuze. 2001.
Antigen loading of MHC class I molecules in the endocytic tract. Traffic. 2:124.
159. Imai, J., H. Hasegawa, M. Maruya, S. Koyasu, and I. Yahara. 2005. Exogenous
antigens are processed through the endoplasmic reticulum-associated
degradation (ERAD) in cross-presentation by dendritic cells. Int. Immunol.
17:45.
160. Reis e Sousa, and R. N. Germain. 1995. Major histocompatibility complex class
I presentation of peptides derived from soluble exogenous antigen by a subset of
cells engaged in phagocytosis. J. Exp. Med. 182:841.

190

161. Mitchell, D. A., S. K. Nair, and E. Gilboa. 1998. Dendritic cell/macrophage
precursors capture exogenous antigen for MHC class I presentation by dendritic
cells. Eur. J. Immunol. 28:1923.
162. Albert, M. L., B. Sauter, and N. Bhardwaj. 1998. Dendritic cells acquire antigen
from apoptotic cells and induce class I-restricted CTLs. Nature 392:86.
163. Bender, A., L. K. Bui, M. A. Feldman, M. Larsson, and N. Bhardwaj. 1995.
Inactivated influenza virus, when presented on dendritic cells, elicits human
CD8+ cytolytic T cell responses. J. Exp. Med. 182:1663.
164. Sigal, L. J., S. Crotty, R. Andino, and K. L. Rock. 1999. Cytotoxic T-cell
immunity to virus-infected non-haematopoietic cells requires presentation of
exogenous antigen. Nature 398:77.
165. Pfeifer, J. D., M. J. Wick, R. L. Roberts, K. Findlay, S. J. Normark, and C. V.
Harding. 1993. Phagocytic processing of bacterial antigens for class I MHC
presentation to T cells. Nature 361:359.
166. Huang, A. Y., P. Golumbek, M. Ahmadzadeh, E. Jaffee, D. Pardoll, and H.
Levitsky. 1994. Role of bone marrow-derived cells in presenting MHC class Irestricted tumor antigens. Science 264:961.
167. Kurts, C., H. Kosaka, F. R. Carbone, J. F. Miller, and W. R. Heath. 1997. Class
I-restricted cross-presentation of exogenous self-antigens leads to deletion of
autoreactive CD8(+) T cells. J. Exp. Med. 186:239.
168. Zitvogel, L., J. I. Mayordomo, T. Tjandrawan, A. B. DeLeo, M. R. Clarke, M.
T. Lotze, and W. J. Storkus. 1996. Therapy of murine tumors with tumor
peptide-pulsed dendritic cells: dependence on T cells, B7 costimulation, and T
helper cell 1-associated cytokines. J. Exp. Med. 183:87.
169. Paglia, P., C. Chiodoni, M. Rodolfo, and M. P. Colombo. 1996. Murine
dendritic cells loaded in vitro with soluble protein prime cytotoxic T
lymphocytes against tumor antigen in vivo. J. Exp. Med. 183:317.
170. Mayordomo, J. I., T. Zorina, W. J. Storkus, L. Zitvogel, C. Celluzzi, L. D. Falo,
C. J. Melief, S. T. Ildstad, W. M. Kast, A. B. DeLeo, and . 1995. Bone marrowderived dendritic cells pulsed with synthetic tumour peptides elicit protective
and therapeutic antitumour immunity. Nat. Med. 1:1297.
171. Hsu, F. J., C. Benike, F. Fagnoni, T. M. Liles, D. Czerwinski, B. Taidi, E. G.
Engleman, and R. Levy. 1996. Vaccination of patients with B-cell lymphoma
using autologous antigen-pulsed dendritic cells. Nat. Med. 2:52.
172. Bhardwaj, N., J. W. Young, A. J. Nisanian, J. Baggers, and R. M. Steinman.
1993. Small amounts of superantigen, when presented on dendritic cells, are
sufficient to initiate T cell responses. J. Exp. Med. 178:633.

191

173. Ingulli, E., A. Mondino, A. Khoruts, and M. K. Jenkins. 1997. In vivo detection
of dendritic cell antigen presentation to CD4(+) T cells. J. Exp. Med. 185:2133.
174. Luther, S. A., A. Gulbranson-Judge, H. cha-Orbea, and I. C. MacLennan. 1997.
Viral superantigen drives extrafollicular and follicular B cell differentiation
leading to virus-specific antibody production. J. Exp. Med. 185:551.
175. Kudo, S., K. Matsuno, T. Ezaki, and M. Ogawa. 1997. A novel migration
pathway for rat dendritic cells from the blood: hepatic sinusoids-lymph
translocation. J. Exp. Med. 185:777.
176. Roake, J. A., A. S. Rao, P. J. Morris, C. P. Larsen, D. F. Hankins, and J. M.
Austyn. 1995. Dendritic cell loss from nonlymphoid tissues after systemic
administration of lipopolysaccharide, tumor necrosis factor, and interleukin 1. J.
Exp. Med. 181:2237.
177. Randolph, G. J., S. Beaulieu, M. Pope, I. Sugawara, L. Hoffman, R. M.
Steinman, and W. A. Muller. 1998. A physiologic function for p-glycoprotein
(MDR-1) during the migration of dendritic cells from skin via afferent
lymphatic vessels. Proc. Natl. Acad. Sci. U. S. A 95:6924.
178. Lukas, M., H. Stossel, L. Hefel, S. Imamura, P. Fritsch, N. T. Sepp, G. Schuler,
and N. Romani. 1996. Human cutaneous dendritic cells migrate through dermal
lymphatic vessels in a skin organ culture model. J. Invest Dermatol. 106:1293.
179. Reis e Sousa, S. Hieny, T. Scharton-Kersten, D. Jankovic, H. Charest, R. N.
Germain, and A. Sher. 1997. In vivo microbial stimulation induces rapid CD40
ligand-independent production of interleukin 12 by dendritic cells and their
redistribution to T cell areas. J. Exp. Med. 186:1819.
180. Kitajima, T., K. Ariizumi, P. R. Bergstresser, and A. Takashima. 1996. A novel
mechanism of glucocorticoid-induced immune suppression: the inhibiton of T
cell-mediated terminal maturation of a murine dendritic cell line. J. Clin. Invest
98:142.
181. Adema, G. J., F. Hartgers, R. Verstraten, V. E. de, G. Marland, S. Menon, J.
Foster, Y. Xu, P. Nooyen, T. McClanahan, K. B. Bacon, and C. G. Figdor.
1997. A dendritic-cell-derived C-C chemokine that preferentially attracts naive
T cells. Nature 387:713.
182. Brocker, T. 1997. Survival of mature CD4 T lymphocytes is dependent on
major histocompatibility complex class II-expressing dendritic cells. J. Exp.
Med. 186:1223.
183. Sallusto, F., C. Nicolo, M. R. De, S. Corinti, and R. Testi. 1996. Ceramide
inhibits antigen uptake and presentation by dendritic cells. J. Exp. Med.
184:2411.

192

184. MacPherson, G. G., C. D. Jenkins, M. J. Stein, and C. Edwards. 1995.
Endotoxin-mediated dendritic cell release from the intestine. Characterization of
released dendritic cells and TNF dependence. J. Immunol. 154:1317.
185. De, S. T., B. Pajak, E. Muraille, L. Lespagnard, E. Heinen, B. P. De, J. Urbain,
O. Leo, and M. Moser. 1996. Regulation of dendritic cell numbers and
maturation by lipopolysaccharide in vivo. J. Exp. Med. 184:1413.
186. Greaves, D. R., W. Wang, D. J. Dairaghi, M. C. Dieu, B. Saint-Vis, K. FranzBacon, D. Rossi, C. Caux, T. McClanahan, S. Gordon, A. Zlotnik, and T. J.
Schall. 1997. CCR6, a CC chemokine receptor that interacts with macrophage
inflammatory protein 3alpha and is highly expressed in human dendritic cells. J.
Exp. Med. 186:837.
187. Sozzani, S., F. Sallusto, W. Luini, D. Zhou, L. Piemonti, P. Allavena, D. J. Van,
S. Valitutti, A. Lanzavecchia, and A. Mantovani. 1995. Migration of dendritic
cells in response to formyl peptides, C5a, and a distinct set of chemokines. J.
Immunol. 155:3292.
188. Pierre, P., S. J. Turley, E. Gatti, M. Hull, J. Meltzer, A. Mirza, K. Inaba, R. M.
Steinman, and I. Mellman. 1997. Developmental regulation of MHC class II
transport in mouse dendritic cells. Nature 388:787.
189. Cella, M., A. Engering, V. Pinet, J. Pieters, and A. Lanzavecchia. 1997.
Inflammatory stimuli induce accumulation of MHC class II complexes on
dendritic cells. Nature 388:782.
190. Nijman, H. W., M. J. Kleijmeer, M. A. Ossevoort, V. M. Oorschot, M. P.
Vierboom, K. M. van de, P. Kenemans, W. M. Kast, H. J. Geuze, and C. J.
Melief. 1995. Antigen capture and major histocompatibility class II
compartments of freshly isolated and cultured human blood dendritic cells. J.
Exp. Med. 182:163.
191. Inaba, K., M. Pack, M. Inaba, H. Sakuta, F. Isdell, and R. M. Steinman. 1997.
High levels of a major histocompatibility complex II-self peptide complex on
dendritic cells from the T cell areas of lymph nodes. J. Exp. Med. 186:665.
192. West, M. A., J. M. Lucocq, and C. Watts. 1994. Antigen processing and class II
MHC peptide-loading compartments in human B-lymphoblastoid cells. Nature
369:147.
193. Saunderson, S. C., P. C. Schuberth, A. C. Dunn, L. Miller, B. D. Hock, P. A.
MacKay, N. Koch, R. W. Jack, and A. D. McLellan. 2008. Induction of
exosome release in primary B cells stimulated via CD40 and the IL-4 receptor.
J. Immunol. 180:8146.

193

194. Turley, S. J., K. Inaba, W. S. Garrett, M. Ebersold, J. Unternaehrer, R. M.
Steinman, and I. Mellman. 2000. Transport of peptide-MHC class II complexes
in developing dendritic cells. Science 288:522.
195. Inaba, K., and R. M. Steinman. 1985. Protein-specific helper T-lymphocyte
formation initiated by dendritic cells. Science 229:475.
196. Byersdorfer, C. A., and D. D. Chaplin. 2001. Visualization of early APC/T cell
interactions in the mouse lung following intranasal challenge. J. Immunol.
167:6756.
197. Miller, M. J., A. S. Hejazi, S. H. Wei, M. D. Cahalan, and I. Parker. 2004. T cell
repertoire scanning is promoted by dynamic dendritic cell behavior and random
T cell motility in the lymph node. Proc. Natl. Acad. Sci. U. S. A 101:998.
198. Celli, S., F. Lemaitre, and P. Bousso. 2007. Real-time manipulation of T celldendritic cell interactions in vivo reveals the importance of prolonged contacts
for CD4+ T cell activation. Immunity. 27:625.
199. Askew, D., J. Gatewood, E. Olivas, K. Havenith, and W. S. Walker. 1995. A
subset of splenic macrophages process and present native antigen to naive
antigen-specific CD4+ T-cells from mice transgenic for an alpha beta T-cell
receptor. Cell Immunol. 166:62.
200. Cassell, D. J., and R. H. Schwartz. 1994. A quantitative analysis of antigenpresenting cell function: activated B cells stimulate naive CD4 T cells but are
inferior to dendritic cells in providing costimulation. J. Exp. Med. 180:1829.
201. Witmer, M. D., and R. M. Steinman. 1984. The anatomy of peripheral lymphoid
organs with emphasis on accessory cells: light-microscopic
immunocytochemical studies of mouse spleen, lymph node, and Peyer's patch.
Am. J. Anat. 170:465.
202. Witmer-Pack, M. D., D. A. Hughes, G. Schuler, L. Lawson, A. McWilliam, K.
Inaba, R. M. Steinman, and S. Gordon. 1993. Identification of macrophages and
dendritic cells in the osteopetrotic (op/op) mouse. J. Cell Sci. 104 ( Pt 4):1021.
203. Lanzavecchia, A. 1985. Antigen-specific interaction between T and B cells.
Nature 314:537.
204. Lanzavecchia, A., and S. Bove. 1985. Specific B lymphocytes efficiently pick
up, process and present antigen to T cells. Behring Inst. Mitt.82.
205. Epstein, M. M., R. F. Di, D. Jankovic, A. Sher, and P. Matzinger. 1995.
Successful T cell priming in B cell-deficient mice. J. Exp. Med. 182:915.

194

206. Topham, D. J., R. A. Tripp, A. M. Hamilton-Easton, S. R. Sarawar, and P. C.
Doherty. 1996. Quantitative analysis of the influenza virus-specific CD4+ T cell
memory in the absence of B cells and Ig. J. Immunol. 157:2947.
207. Steinman, R. M., M. Pack, and K. Inaba. 1997. Dendritic cells in the T-cell
areas of lymphoid organs. Immunol. Rev. 156:25.
208. MacPherson, G., N. Kushnir, and M. Wykes. 1999. Dendritic cells, B cells and
the regulation of antibody synthesis. Immunol. Rev. 172:325.
209. Gerosa, F., B. Baldani-Guerra, C. Nisii, V. Marchesini, G. Carra, and G.
Trinchieri. 2002. Reciprocal activating interaction between natural killer cells
and dendritic cells. J. Exp. Med. 195:327.
210. Ardavin, C., L. Wu, C. L. Li, and K. Shortman. 1993. Thymic dendritic cells
and T cells develop simultaneously in the thymus from a common precursor
population. Nature 362:761.
211. Wu, L., C. L. Li, and K. Shortman. 1996. Thymic dendritic cell precursors:
relationship to the T lymphocyte lineage and phenotype of the dendritic cell
progeny. J. Exp. Med. 184:903.
212. Martin, P., G. M. del Hoyo, F. Anjuere, S. R. Ruiz, C. F. Arias, A. R. Marin,
and C. Ardavin. 2000. Concept of lymphoid versus myeloid dendritic cell
lineages revisited: both CD8alpha(-) and CD8alpha(+) dendritic cells are
generated from CD4(low) lymphoid-committed precursors. Blood 96:2511.
213. Rodewald, H. R., T. Brocker, and C. Haller. 1999. Developmental dissociation
of thymic dendritic cell and thymocyte lineages revealed in growth factor
receptor mutant mice. Proc. Natl. Acad. Sci. U. S. A 96:15068.
214. Maldonado-Lopez, R., S. T. De, P. Michel, J. Godfroid, B. Pajak, C. Heirman,
K. Thielemans, O. Leo, J. Urbain, and M. Moser. 1999. CD8alpha+ and
CD8alpha- subclasses of dendritic cells direct the development of distinct T
helper cells in vivo. J. Exp. Med. 189:587.
215. Pulendran, B., J. L. Smith, G. Caspary, K. Brasel, D. Pettit, E. Maraskovsky,
and C. R. Maliszewski. 1999. Distinct dendritic cell subsets differentially
regulate the class of immune response in vivo. Proc. Natl. Acad. Sci. U. S. A
96:1036.
216. Smith, A. L., and G. B. Fazekas de St. 1999. Antigen-pulsed CD8alpha+
dendritic cells generate an immune response after subcutaneous injection
without homing to the draining lymph node. J. Exp. Med. 189:593.
217. Ruedl, C., and M. F. Bachmann. 1999. CTL priming by CD8(+) and CD8(-)
dendritic cells in vivo. Eur. J. Immunol. 29:3762.

195

218. Iwasaki, A., and B. L. Kelsall. 2000. Localization of distinct Peyer's patch
dendritic cell subsets and their recruitment by chemokines macrophage
inflammatory protein (MIP)-3alpha, MIP-3beta, and secondary lymphoid organ
chemokine. J. Exp. Med. 191:1381.
219. Liu, Y. J. 2001. Dendritic cell subsets and lineages, and their functions in innate
and adaptive immunity. Cell 106:259.
220. Matsumoto, M., Y. X. Fu, H. Molina, G. Huang, J. Kim, D. A. Thomas, M. H.
Nahm, and D. D. Chaplin. 1997. Distinct roles of lymphotoxin alpha and the
type I tumor necrosis factor (TNF) receptor in the establishment of follicular
dendritic cells from non-bone marrow-derived cells. J. Exp. Med. 186:1997.
221. Fong, L., and E. G. Engleman. 2000. Dendritic cells in cancer immunotherapy.
Annu. Rev. Immunol. 18:245.
222. Liu, Y. J., J. Xu, B. O. de, C. L. Parham, G. Grouard, O. Djossou, B. de SaintVis, S. Lebecque, J. Banchereau, and K. W. Moore. 1997. Follicular dendritic
cells specifically express the long CR2/CD21 isoform. J. Exp. Med. 185:165.
223. Iwasaki, A., and B. L. Kelsall. 2001. Unique functions of CD11b+, CD8 alpha+,
and double-negative Peyer's patch dendritic cells. J. Immunol. 166:4884.
224. Kelsall, B. L., and W. Strober. 1996. Distinct populations of dendritic cells are
present in the subepithelial dome and T cell regions of the murine Peyer's patch.
J. Exp. Med. 183:237.
225. Saunders, D., K. Lucas, J. Ismaili, L. Wu, E. Maraskovsky, A. Dunn, and K.
Shortman. 1996. Dendritic cell development in culture from thymic precursor
cells in the absence of granulocyte/macrophage colony-stimulating factor. J.
Exp. Med. 184:2185.
226. Spalding, D. M., and J. A. Griffin. 1986. Different pathways of differentiation
of pre-B cell lines are induced by dendritic cells and T cells from different
lymphoid tissues. Cell 44:507.
227. Selby, W. S., L. W. Poulter, S. Hobbs, D. P. Jewell, and G. Janossy. 1983.
Heterogeneity of HLA-DR-positive histiocytes in human intestinal lamina
propria: a combined histochemical and immunohistological analysis. J. Clin.
Pathol. 36:379.
228. Hume, D. A., W. Allan, P. G. Hogan, and W. F. Doe. 1987.
Immunohistochemical characterisation of macrophages in human liver and
gastrointestinal tract: expression of CD4, HLA-DR, OKM1, and the mature
macrophage marker 25F9 in normal and diseased tissue. J. Leukoc. Biol. 42:474.

196

229. Bell, S. J., R. Rigby, N. English, S. D. Mann, S. C. Knight, M. A. Kamm, and
A. J. Stagg. 2001. Migration and maturation of human colonic dendritic cells. J.
Immunol. 166:4958.
230. McGhee, J. R., J. Kunisawa, and H. Kiyono. 2007. Gut lymphocyte migration:
we are halfway 'home'. Trends Immunol. 28:150.
231. Iwata, M., A. Hirakiyama, Y. Eshima, H. Kagechika, C. Kato, and S. Y. Song.
2004. Retinoic acid imprints gut-homing specificity on T cells. Immunity.
21:527.
232. Johansson-Lindbom, B., M. Svensson, M. A. Wurbel, B. Malissen, G. Marquez,
and W. Agace. 2003. Selective generation of gut tropic T cells in gut-associated
lymphoid tissue (GALT): requirement for GALT dendritic cells and adjuvant. J.
Exp. Med. 198:963.
233. Butcher, E. C., M. Williams, K. Youngman, L. Rott, and M. Briskin. 1999.
Lymphocyte trafficking and regional immunity. Adv. Immunol. 72:209.
234. Kunkel, E. J., J. J. Campbell, G. Haraldsen, J. Pan, J. Boisvert, A. I. Roberts, E.
C. Ebert, M. A. Vierra, S. B. Goodman, M. C. Genovese, A. J. Wardlaw, H. B.
Greenberg, C. M. Parker, E. C. Butcher, D. P. Andrew, and W. W. Agace. 2000.
Lymphocyte CC chemokine receptor 9 and epithelial thymus-expressed
chemokine (TECK) expression distinguish the small intestinal immune
compartment: Epithelial expression of tissue-specific chemokines as an
organizing principle in regional immunity. J. Exp. Med. 192:761.
235. Homey, B., H. Alenius, A. Muller, H. Soto, E. P. Bowman, W. Yuan, L.
McEvoy, A. I. Lauerma, T. Assmann, E. Bunemann, M. Lehto, H. Wolff, D.
Yen, H. Marxhausen, W. To, J. Sedgwick, T. Ruzicka, P. Lehmann, and A.
Zlotnik. 2002. CCL27-CCR10 interactions regulate T cell-mediated skin
inflammation. Nat. Med. 8:157.
236. Reiss, Y., A. E. Proudfoot, C. A. Power, J. J. Campbell, and E. C. Butcher.
2001. CC chemokine receptor (CCR)4 and the CCR10 ligand cutaneous T cellattracting chemokine (CTACK) in lymphocyte trafficking to inflamed skin. J.
Exp. Med. 194:1541.
237. Tietz, W., Y. Allemand, E. Borges, L. D. von, R. Hallmann, D. Vestweber, and
A. Hamann. 1998. CD4+ T cells migrate into inflamed skin only if they express
ligands for E- and P-selectin. J. Immunol. 161:963.
238. Dudda, J. C., and S. F. Martin. 2004. Tissue targeting of T cells by DCs and
microenvironments. Trends Immunol. 25:417.
239. Mora, J. R., and U. H. von Andrian. 2006. T-cell homing specificity and
plasticity: new concepts and future challenges. Trends Immunol. 27:235.

197

240. Dudda, J. C., A. Lembo, E. Bachtanian, J. Huehn, C. Siewert, A. Hamann, E.
Kremmer, R. Forster, and S. F. Martin. 2005. Dendritic cells govern induction
and reprogramming of polarized tissue-selective homing receptor patterns of T
cells: important roles for soluble factors and tissue microenvironments. Eur. J.
Immunol. 35:1056.
241. Mora, J. R., G. Cheng, D. Picarella, M. Briskin, N. Buchanan, and U. H. von
Andrian. 2005. Reciprocal and dynamic control of CD8 T cell homing by
dendritic cells from skin- and gut-associated lymphoid tissues. J. Exp. Med.
201:303.
242. Dudda, J. C., J. C. Simon, and S. Martin. 2004. Dendritic cell immunization
route determines CD8+ T cell trafficking to inflamed skin: role for tissue
microenvironment and dendritic cells in establishment of T cell-homing subsets.
J. Immunol. 172:857.
243. Sprent, J., and H. Kishimoto. 2001. The thymus and central tolerance. Philos.
Trans. R. Soc. Lond B Biol. Sci. 356:609.
244. Matzinger, P., and S. Guerder. 1989. Does T-cell tolerance require a dedicated
antigen-presenting cell? Nature 338:74.
245. Zal, T., A. Volkmann, and B. Stockinger. 1994. Mechanisms of tolerance
induction in major histocompatibility complex class II-restricted T cells specific
for a blood-borne self-antigen. J. Exp. Med. 180:2089.
246. Webb, S. R., and J. Sprent. 1990. Tolerogenicity of thymic epithelium. Eur. J.
Immunol. 20:2525.
247. Degermann, S., C. D. Surh, L. H. Glimcher, J. Sprent, and D. Lo. 1994. B7
expression on thymic medullary epithelium correlates with epithelium-mediated
deletion of V beta 5+ thymocytes. J. Immunol. 152:3254.
248. Hogquist, K. A., T. A. Baldwin, and S. C. Jameson. 2005. Central tolerance:
learning self-control in the thymus. Nat. Rev. Immunol. 5:772.
249. Anderson, M. S., E. S. Venanzi, L. Klein, Z. Chen, S. P. Berzins, S. J. Turley,
B. H. von, R. Bronson, A. Dierich, C. Benoist, and D. Mathis. 2002. Projection
of an immunological self shadow within the thymus by the aire protein. Science
298:1395.
250. Kyewski, B., and J. Derbinski. 2004. Self-representation in the thymus: an
extended view. Nat. Rev. Immunol. 4:688.
251. Gallegos, A. M., and M. J. Bevan. 2004. Central tolerance to tissue-specific
antigens mediated by direct and indirect antigen presentation. J. Exp. Med.
200:1039.

198

252. Aschenbrenner, K., L. M. D'Cruz, E. H. Vollmann, M. Hinterberger, J.
Emmerich, L. K. Swee, A. Rolink, and L. Klein. 2007. Selection of Foxp3+
regulatory T cells specific for self antigen expressed and presented by Aire+
medullary thymic epithelial cells. Nat. Immunol. 8:351.
253. von, B. H. 1990. Developmental biology of T cells in T cell-receptor transgenic
mice. Annu. Rev. Immunol. 8:531.
254. Fowlkes, B. J., and F. Ramsdell. 1993. T-cell tolerance. Curr. Opin. Immunol.
5:873.
255. Fife, B. T., and J. A. Bluestone. 2008. Control of peripheral T-cell tolerance and
autoimmunity via the CTLA-4 and PD-1 pathways. Immunol. Rev. 224:166.
256. Kurts, C., W. R. Heath, F. R. Carbone, J. Allison, J. F. Miller, and H. Kosaka.
1996. Constitutive class I-restricted exogenous presentation of self antigens in
vivo. J. Exp. Med. 184:923.
257. Heath, W. R., and F. R. Carbone. 2001. Cross-presentation in viral immunity
and self-tolerance. Nat. Rev. Immunol. 1:126.
258. Jenkins, M. K., A. Khoruts, E. Ingulli, D. L. Mueller, S. J. McSorley, R. L.
Reinhardt, A. Itano, and K. A. Pape. 2001. In vivo activation of antigen-specific
CD4 T cells. Annu. Rev. Immunol. 19:23.
259. Cose, S., C. Brammer, K. M. Khanna, D. Masopust, and L. Lefrancois. 2006.
Evidence that a significant number of naive T cells enter non-lymphoid organs
as part of a normal migratory pathway. Eur. J. Immunol. 36:1423.
260. Seder, R. A., and R. Ahmed. 2003. Similarities and differences in CD4+ and
CD8+ effector and memory T cell generation. Nat. Immunol 4:835.
261. Tao, X., S. Constant, P. Jorritsma, and K. Bottomly. 1997. Strength of TCR
signal determines the costimulatory requirements for Th1 and Th2 CD4+ T cell
differentiation. J. Immunol. 159:5956.
262. Swain, S. L., J. N. Agrewala, D. M. Brown, D. M. Jelley-Gibbs, S. Golech, G.
Huston, S. C. Jones, C. Kamperschroer, W. H. Lee, K. K. McKinstry, E.
Roman, T. Strutt, and N. P. Weng. 2006. CD4+ T-cell memory: generation and
multi-faceted roles for CD4+ T cells in protective immunity to influenza.
Immunol. Rev. 211:8.
263. Suzue, K., T. Asai, T. Takeuchi, and S. Koyasu. 2003. In vivo role of IFNgamma produced by antigen-presenting cells in early host defense against
intracellular pathogens. Eur. J. Immunol. 33:2666.

199

264. Flynn, J. L., J. Chan, K. J. Triebold, D. K. Dalton, T. A. Stewart, and B. R.
Bloom. 1993. An essential role for interferon gamma in resistance to
Mycobacterium tuberculosis infection. J Exp. Med 178:2249.
265. Hess, J., C. Ladel, D. Miko, and S. H. Kaufmann. 1996. Salmonella
typhimurium aroA- infection in gene-targeted immunodeficient mice: major role
of CD4+ TCR-alpha beta cells and IFN-gamma in bacterial clearance
independent of intracellular location. J. Immunol. 156:3321.
266. Finkelman, F. D., I. M. Katona, T. R. Mosmann, and R. L. Coffman. 1988. IFNgamma regulates the isotypes of Ig secreted during in vivo humoral immune
responses. J. Immunol. 140:1022.
267. Prabhala, R. H., and C. R. Wira. 1991. Cytokine regulation of the mucosal
immune system: in vivo stimulation by interferon-gamma of secretory
component and immunoglobulin A in uterine secretions and proliferation of
lymphocytes from spleen. Endocrinology 129:2915.
268. Seder, R. A., and W. E. Paul. 1994. Acquisition of lymphokine-producing
phenotype by CD4+ T cells. Annu. Rev. Immunol. 12:635.
269. Sad, S., and T. R. Mosmann. 1994. Single IL-2-secreting precursor CD4 T cell
can develop into either Th1 or Th2 cytokine secretion phenotype. J. Immunol.
153:3514.
270. Hosken, N. A., K. Shibuya, A. W. Heath, K. M. Murphy, and A. O'Garra. 1995.
The effect of antigen dose on CD4+ T helper cell phenotype development in a T
cell receptor-alpha beta-transgenic model. J. Exp. Med. 182:1579.
271. Weiner, H. L. 2001. Oral tolerance: immune mechanisms and the generation of
Th3-type TGF-beta-secreting regulatory cells. Microbes. Infect. 3:947.
272. Vignali, D. A., L. W. Collison, and C. J. Workman. 2008. How regulatory T
cells work. Nat. Rev. Immunol. 8:523.
273. Carrier, Y., J. Yuan, V. K. Kuchroo, and H. L. Weiner. 2007. Th3 cells in
peripheral tolerance. II. TGF-beta-transgenic Th3 cells rescue IL-2-deficient
mice from autoimmunity. J. Immunol. 178:172.
274. Lan, R. Y., A. A. Ansari, Z. X. Lian, and M. E. Gershwin. 2005. Regulatory T
cells: development, function and role in autoimmunity. Autoimmun. Rev. 4:351.
275. Hauet-Broere, F., W. W. Unger, J. Garssen, M. A. Hoijer, G. Kraal, and J. N.
Samsom. 2003. Functional CD25- and CD25+ mucosal regulatory T cells are
induced in gut-draining lymphoid tissue within 48 h after oral antigen
application. Eur. J. Immunol. 33:2801.

200

276. Majlessi, L., R. Lo-Man, and C. Leclerc. 2008. Regulatory B and T cells in
infections. Microbes. Infect. 10:1030.
277. Quinn, K. M., R. S. McHugh, F. J. Rich, L. M. Goldsack, G. W. de Lisle, B. M.
Buddle, B. Delahunt, and J. R. Kirman. 2006. Inactivation of CD4+ CD25+
regulatory T cells during early mycobacterial infection increases cytokine
production but does not affect pathogen load. Immunol. Cell Biol. 84:467.
278. Kursar, M., M. Koch, H. W. Mittrucker, G. Nouailles, K. Bonhagen, T.
Kamradt, and S. H. Kaufmann. 2007. Cutting Edge: Regulatory T cells prevent
efficient clearance of Mycobacterium tuberculosis. J Immunol. 178:2661.
279. Infante-Duarte, C., H. F. Horton, M. C. Byrne, and T. Kamradt. 2000. Microbial
lipopeptides induce the production of IL-17 in Th cells. J Immunol. 165:6107.
280. Gu, Y., J. Yang, X. Ouyang, W. Liu, H. Li, J. Yang, J. Bromberg, S. H. Chen,
L. Mayer, J. C. Unkeless, and H. Xiong. 2008. Interleukin 10 suppresses Th17
cytokines secreted by macrophages and T cells. Eur. J. Immunol. 38:1807.
281. Tzartos, J. S., M. A. Friese, M. J. Craner, J. Palace, J. Newcombe, M. M. Esiri,
and L. Fugger. 2008. Interleukin-17 production in central nervous systeminfiltrating T cells and glial cells is associated with active disease in multiple
sclerosis. Am. J. Pathol. 172:146.
282. Hever, A., R. B. Roth, P. A. Hevezi, J. Lee, D. Willhite, E. C. White, E. M.
Marin, R. Herrera, H. M. Acosta, A. J. Acosta, and A. Zlotnik. 2006. Molecular
characterization of human adenomyosis. Mol. Hum. Reprod. 12:737.
283. Molesworth-Kenyon, S. J., R. Yin, J. E. Oakes, and R. N. Lausch. 2008. IL-17
receptor signaling influences virus-induced corneal inflammation. J. Leukoc.
Biol. 83:401.
284. Kennedy, J., D. L. Rossi, S. M. Zurawski, F. Vega, Jr., R. A. Kastelein, J. L.
Wagner, C. H. Hannum, and A. Zlotnik. 1996. Mouse IL-17: a cytokine
preferentially expressed by alpha beta TCR + CD4-CD8-T cells. J. Interferon
Cytokine Res. 16:611.
285. Michel, M. L., A. C. Keller, C. Paget, M. Fujio, F. Trottein, P. B. Savage, C. H.
Wong, E. Schneider, M. Dy, and M. C. Leite-de-Moraes. 2007. Identification of
an IL-17-producing NK1.1(neg) iNKT cell population involved in airway
neutrophilia. J. Exp. Med. 204:995.
286. Happel, K. I., M. Zheng, E. Young, L. J. Quinton, E. Lockhart, A. J. Ramsay, J.
E. Shellito, J. R. Schurr, G. J. Bagby, S. Nelson, and J. K. Kolls. 2003. Cutting
edge: roles of Toll-like receptor 4 and IL-23 in IL-17 expression in response to
Klebsiella pneumoniae infection. J. Immunol. 170:4432.

201

287. Shin, H. C., N. Benbernou, S. Esnault, and M. Guenounou. 1999. Expression of
IL-17 in human memory CD45RO+ T lymphocytes and its regulation by protein
kinase A pathway. Cytokine 11:257.
288. Scriba, T. J., B. Kalsdorf, D. A. Abrahams, F. Isaacs, J. Hofmeister, G. Black,
H. Y. Hassan, R. J. Wilkinson, G. Walzl, S. J. Gelderbloem, H. Mahomed, G.
D. Hussey, and W. A. Hanekom. 2008. Distinct, specific IL-17- and IL-22producing CD4+ T cell subsets contribute to the human anti-mycobacterial
immune response. J. Immunol. 180:1962.
289. Afzali, B., G. Lombardi, R. I. Lechler, and G. M. Lord. 2007. The role of T
helper 17 (Th17) and regulatory T cells (Treg) in human organ transplantation
and autoimmune disease. Clin. Exp. Immunol. 148:32.
290. Khader, S. A., G. K. Bell, J. E. Pearl, J. J. Fountain, J. Rangel-Moreno, G. E.
Cilley, F. Shen, S. M. Eaton, S. L. Gaffen, S. L. Swain, R. M. Locksley, L.
Haynes, T. D. Randall, and A. M. Cooper. 2007. IL-23 and IL-17 in the
establishment of protective pulmonary CD4+ T cell responses after vaccination
and during Mycobacterium tuberculosis challenge. Nat. Immunol. 8:369.
291. Shibata, K., H. Yamada, H. Hara, K. Kishihara, and Y. Yoshikai. 2007.
Resident Vdelta1+ gammadelta T cells control early infiltration of neutrophils
after Escherichia coli infection via IL-17 production. J. Immunol. 178:4466.
292. Braun, R. K., C. Ferrick, P. Neubauer, M. Sjoding, A. Sterner-Kock, M. Kock,
L. Putney, D. A. Ferrick, D. M. Hyde, and R. B. Love. 2008. IL-17 producing
gammadelta T cells are required for a controlled inflammatory response after
bleomycin-induced lung injury. Inflammation 31:167.
293. Roark, C. L., J. D. French, M. A. Taylor, A. M. Bendele, W. K. Born, and R. L.
O'Brien. 2007. Exacerbation of collagen-induced arthritis by oligoclonal, IL-17producing gamma delta T cells. J. Immunol. 179:5576.
294. Lockhart, E., A. M. Green, and J. L. Flynn. 2006. IL-17 production is
dominated by gammadelta T cells rather than CD4 T cells during
Mycobacterium tuberculosis infection. J Immunol. 177:4662.
295. Park, H., Z. Li, X. O. Yang, S. H. Chang, R. Nurieva, Y. H. Wang, Y. Wang, L.
Hood, Z. Zhu, Q. Tian, and C. Dong. 2005. A distinct lineage of CD4 T cells
regulates tissue inflammation by producing interleukin 17. Nat. Immunol.
6:1133.
296. Mangan, P. R., L. E. Harrington, D. B. O'Quinn, W. S. Helms, D. C. Bullard, C.
O. Elson, R. D. Hatton, S. M. Wahl, T. R. Schoeb, and C. T. Weaver. 2006.
Transforming growth factor-beta induces development of the T(H)17 lineage.
Nature 441:231.

202

297. Chung, Y., X. Yang, S. H. Chang, L. Ma, Q. Tian, and C. Dong. 2006.
Expression and regulation of IL-22 in the IL-17-producing CD4+ T
lymphocytes. Cell Res. 16:902.
298. Zheng, Y., D. M. Danilenko, P. Valdez, I. Kasman, J. Eastham-Anderson, J.
Wu, and W. Ouyang. 2007. Interleukin-22, a T(H)17 cytokine, mediates IL-23induced dermal inflammation and acanthosis. Nature 445:648.
299. Steinman, L. 2008. A rush to judgment on Th17. J. Exp. Med. 205:1517.
300. Liang, S. C., X. Y. Tan, D. P. Luxenberg, R. Karim, K. Dunussi-Joannopoulos,
M. Collins, and L. A. Fouser. 2006. Interleukin (IL)-22 and IL-17 are
coexpressed by Th17 cells and cooperatively enhance expression of
antimicrobial peptides. J. Exp. Med. 203:2271.
301. Dong, C. 2008. TH17 cells in development: an updated view of their molecular
identity and genetic programming. Nat. Rev. Immunol. 8:337.
302. Stockinger, B., and M. Veldhoen. 2007. Differentiation and function of Th17 T
cells. Curr. Opin Immunol. 19:281.
303. Laurence, A., C. M. Tato, T. S. Davidson, Y. Kanno, Z. Chen, Z. Yao, R. B.
Blank, F. Meylan, R. Siegel, L. Hennighausen, E. M. Shevach, and J. J. O'Shea.
2007. Interleukin-2 signaling via STAT5 constrains T helper 17 cell generation.
Immunity. 26:371.
304. Kleinschek, M. A., A. M. Owyang, B. Joyce-Shaikh, C. L. Langrish, Y. Chen,
D. M. Gorman, W. M. Blumenschein, T. McClanahan, F. Brombacher, S. D.
Hurst, R. A. Kastelein, and D. J. Cua. 2007. IL-25 regulates Th17 function in
autoimmune inflammation. J. Exp. Med. 204:161.
305. Angkasekwinai, P., H. Park, Y. H. Wang, Y. H. Wang, S. H. Chang, D. B.
Corry, Y. J. Liu, Z. Zhu, and C. Dong. 2007. Interleukin 25 promotes the
initiation of proallergic type 2 responses. J. Exp. Med. 204:1509.
306. Veldhoen, M., R. J. Hocking, C. J. Atkins, R. M. Locksley, and B. Stockinger.
2006. TGFbeta in the context of an inflammatory cytokine milieu supports de
novo differentiation of IL-17-producing T cells. Immunity. 24:179.
307. Bettelli, E., Y. Carrier, W. Gao, T. Korn, T. B. Strom, M. Oukka, H. L. Weiner,
and V. K. Kuchroo. 2006. Reciprocal developmental pathways for the
generation of pathogenic effector TH17 and regulatory T cells. Nature 441:235.
308. Yang, X. O., A. D. Panopoulos, R. Nurieva, S. H. Chang, D. Wang, S. S.
Watowich, and C. Dong. 2007. STAT3 regulates cytokine-mediated generation
of inflammatory helper T cells. J. Biol. Chem. 282:9358.

203

309. Harrington, L. E., R. D. Hatton, P. R. Mangan, H. Turner, T. L. Murphy, K. M.
Murphy, and C. T. Weaver. 2005. Interleukin 17-producing CD4+ effector T
cells develop via a lineage distinct from the T helper type 1 and 2 lineages. Nat.
Immunol. 6:1123.
310. Ivanov, I. I., B. S. McKenzie, L. Zhou, C. E. Tadokoro, A. Lepelley, J. J.
Lafaille, D. J. Cua, and D. R. Littman. 2006. The orphan nuclear receptor
RORgammat directs the differentiation program of proinflammatory IL-17+ T
helper cells. Cell 126:1121.
311. Nurieva, R., X. O. Yang, G. Martinez, Y. Zhang, A. D. Panopoulos, L. Ma, K.
Schluns, Q. Tian, S. S. Watowich, A. M. Jetten, and C. Dong. 2007. Essential
autocrine regulation by IL-21 in the generation of inflammatory T cells. Nature
448:480.
312. Zhou, L., I. I. Ivanov, R. Spolski, R. Min, K. Shenderov, T. Egawa, D. E. Levy,
W. J. Leonard, and D. R. Littman. 2007. IL-6 programs T(H)-17 cell
differentiation by promoting sequential engagement of the IL-21 and IL-23
pathways. Nat. Immunol. 8:967.
313. Xing, Z., J. Gauldie, G. Cox, H. Baumann, M. Jordana, X. F. Lei, and M. K.
Achong. 1998. IL-6 is an antiinflammatory cytokine required for controlling
local or systemic acute inflammatory responses. J. Clin. Invest 101:311.
314. Wozniak, T. M., A. A. Ryan, and W. J. Britton. 2006. Interleukin-23 restores
immunity to Mycobacterium tuberculosis infection in IL-12p40-deficient mice
and is not required for the development of IL-17-secreting T cell responses. J
Immunol. 177:8684.
315. Aggarwal, S., N. Ghilardi, M. H. Xie, F. J. de Sauvage, and A. L. Gurney. 2003.
Interleukin-23 promotes a distinct CD4 T cell activation state characterized by
the production of interleukin-17. J. Biol. Chem. 278:1910.
316. Langrish, C. L., Y. Chen, W. M. Blumenschein, J. Mattson, B. Basham, J. D.
Sedgwick, T. McClanahan, R. A. Kastelein, and D. J. Cua. 2005. IL-23 drives a
pathogenic T cell population that induces autoimmune inflammation. J. Exp.
Med. 201:233.
317. Oppmann, B., R. Lesley, B. Blom, J. C. Timans, Y. Xu, B. Hunte, F. Vega, N.
Yu, J. Wang, K. Singh, F. Zonin, E. Vaisberg, T. Churakova, M. Liu, D.
Gorman, J. Wagner, S. Zurawski, Y. Liu, J. S. Abrams, K. W. Moore, D.
Rennick, R. de Waal-Malefyt, C. Hannum, J. F. Bazan, and R. A. Kastelein.
2000. Novel p19 protein engages IL-12p40 to form a cytokine, IL-23, with
biological activities similar as well as distinct from IL-12. Immunity. 13:715.
318. McGeachy, M. J., Y. Chen, C. M. Tato, A. Laurence, B. Joyce-Shaikh, W. M.
Blumenschein, T. K. McClanahan, J. J. O'Shea, and D. J. Cua. 2009. The

204

interleukin 23 receptor is essential for the terminal differentiation of interleukin
17-producing effector T helper cells in vivo. Nat. Immunol. 10:314.
319. Kim, H. R., M. L. Cho, K. W. Kim, J. Y. Juhn, S. Y. Hwang, C. H. Yoon, S. H.
Park, S. H. Lee, and H. Y. Kim. 2007. Up-regulation of IL-23p19 expression in
rheumatoid arthritis synovial fibroblasts by IL-17 through PI3-kinase-, NFkappaB- and p38 MAPK-dependent signalling pathways. Rheumatology.
(Oxford) 46:57.
320. Uhlig, H. H., B. S. McKenzie, S. Hue, C. Thompson, B. Joyce-Shaikh, R.
Stepankova, N. Robinson, S. Buonocore, H. Tlaskalova-Hogenova, D. J. Cua,
and F. Powrie. 2006. Differential activity of IL-12 and IL-23 in mucosal and
systemic innate immune pathology. Immunity. 25:309.
321. Xu, L., A. Kitani, I. Fuss, and W. Strober. 2007. Cutting edge: regulatory T cells
induce CD4+CD25-Foxp3- T cells or are self-induced to become Th17 cells in
the absence of exogenous TGF-beta. J. Immunol. 178:6725.
322. Schmidt-Weber, C. B., M. Akdis, and C. A. Akdis. 2007. TH17 cells in the big
picture of immunology. J. Allergy Clin. Immunol. 120:247.
323. Heath, V. L., E. E. Murphy, C. Crain, M. G. Tomlinson, and A. O'Garra. 2000.
TGF-beta1 down-regulates Th2 development and results in decreased IL-4induced STAT6 activation and GATA-3 expression. Eur. J. Immunol. 30:2639.
324. Gorelik, L., P. E. Fields, and R. A. Flavell. 2000. Cutting edge: TGF-beta
inhibits Th type 2 development through inhibition of GATA-3 expression. J.
Immunol. 165:4773.
325. Li, M. O., Y. Y. Wan, and R. A. Flavell. 2007. T cell-produced transforming
growth factor-beta1 controls T cell tolerance and regulates Th1- and Th17-cell
differentiation. Immunity. 26:579.
326. Korn, T., E. Bettelli, W. Gao, A. Awasthi, A. Jager, T. B. Strom, M. Oukka, and
V. K. Kuchroo. 2007. IL-21 initiates an alternative pathway to induce
proinflammatory T(H)17 cells. Nature 448:484.
327. Harada, M., K. Magara-Koyanagi, H. Watarai, Y. Nagata, Y. Ishii, S. Kojo, S.
Horiguchi, Y. Okamoto, T. Nakayama, N. Suzuki, W. C. Yeh, S. Akira, H.
Kitamura, O. Ohara, K. Seino, and M. Taniguchi. 2006. IL-21-induced Bepsilon
cell apoptosis mediated by natural killer T cells suppresses IgE responses. J.
Exp. Med. 203:2929.
328. Coquet, J. M., K. Kyparissoudis, D. G. Pellicci, G. Besra, S. P. Berzins, M. J.
Smyth, and D. I. Godfrey. 2007. IL-21 is produced by NKT cells and modulates
NKT cell activation and cytokine production. J. Immunol. 178:2827.

205

329. Parrish-Novak, J., S. R. Dillon, A. Nelson, A. Hammond, C. Sprecher, J. A.
Gross, J. Johnston, K. Madden, W. Xu, J. West, S. Schrader, S. Burkhead, M.
Heipel, C. Brandt, J. L. Kuijper, J. Kramer, D. Conklin, S. R. Presnell, J. Berry,
F. Shiota, S. Bort, K. Hambly, S. Mudri, C. Clegg, M. Moore, F. J. Grant, C.
Lofton-Day, T. Gilbert, F. Rayond, A. Ching, L. Yao, D. Smith, P. Webster, T.
Whitmore, M. Maurer, K. Kaushansky, R. D. Holly, and D. Foster. 2000.
Interleukin 21 and its receptor are involved in NK cell expansion and regulation
of lymphocyte function. Nature 408:57.
330. Rangachari, M., N. Mauermann, R. R. Marty, S. Dirnhofer, M. O. Kurrer, V.
Komnenovic, J. M. Penninger, and U. Eriksson. 2006. T-bet negatively
regulates autoimmune myocarditis by suppressing local production of
interleukin 17. J. Exp. Med. 203:2009.
331. Bush, K. A., K. M. Farmer, J. S. Walker, and B. W. Kirkham. 2002. Reduction
of joint inflammation and bone erosion in rat adjuvant arthritis by treatment
with interleukin-17 receptor IgG1 Fc fusion protein. Arthritis Rheum. 46:802.
332. Kroenke, M. A., T. J. Carlson, A. V. Andjelkovic, and B. M. Segal. 2008. IL12- and IL-23-modulated T cells induce distinct types of EAE based on
histology, CNS chemokine profile, and response to cytokine inhibition. J. Exp.
Med. 205:1535.
333. Panitch, H. S., R. L. Hirsch, J. Schindler, and K. P. Johnson. 1987. Treatment of
multiple sclerosis with gamma interferon: exacerbations associated with
activation of the immune system. Neurology 37:1097.
334. Fossiez, F., J. Banchereau, R. Murray, K. C. Van, P. Garrone, and S. Lebecque.
1998. Interleukin-17. Int. Rev. Immunol. 16:541.
335. Schnyder-Candrian, S., D. Togbe, I. Couillin, I. Mercier, F. Brombacher, V.
Quesniaux, F. Fossiez, B. Ryffel, and B. Schnyder. 2006. Interleukin-17 is a
negative regulator of established allergic asthma. J. Exp. Med. 203:2715.
336. Ye, P., P. B. Garvey, P. Zhang, S. Nelson, G. Bagby, W. R. Summer, P.
Schwarzenberger, J. E. Shellito, and J. K. Kolls. 2001. Interleukin-17 and lung
host defense against Klebsiella pneumoniae infection. Am. J. Respir. Cell Mol.
Biol. 25:335.
337. Ye, P., F. H. Rodriguez, S. Kanaly, K. L. Stocking, J. Schurr, P.
Schwarzenberger, P. Oliver, W. Huang, P. Zhang, J. Zhang, J. E. Shellito, G. J.
Bagby, S. Nelson, K. Charrier, J. J. Peschon, and J. K. Kolls. 2001.
Requirement of interleukin 17 receptor signaling for lung CXC chemokine and
granulocyte colony-stimulating factor expression, neutrophil recruitment, and
host defense. J. Exp. Med. 194:519.
338. Aujla, S. J., Y. R. Chan, M. Zheng, M. Fei, D. J. Askew, D. A. Pociask, T. A.
Reinhart, F. McAllister, J. Edeal, K. Gaus, S. Husain, J. L. Kreindler, P. J.
206

Dubin, J. M. Pilewski, M. M. Myerburg, C. A. Mason, Y. Iwakura, and J. K.
Kolls. 2008. IL-22 mediates mucosal host defense against Gram-negative
bacterial pneumonia. Nat. Med. 14:275.
339. Kelly, M. N., J. K. Kolls, K. Happel, J. D. Schwartzman, P. Schwarzenberger,
C. Combe, M. Moretto, and I. A. Khan. 2005. Interleukin-17/interleukin-17
receptor-mediated signaling is important for generation of an optimal
polymorphonuclear response against Toxoplasma gondii infection. Infect.
Immun. 73:617.
340. Huang, W., L. Na, P. L. Fidel, and P. Schwarzenberger. 2004. Requirement of
interleukin-17A for systemic anti-Candida albicans host defense in mice. J.
Infect. Dis. 190:624.
341. Happel, K. I., P. J. Dubin, M. Zheng, N. Ghilardi, C. Lockhart, L. J. Quinton, A.
R. Odden, J. E. Shellito, G. J. Bagby, S. Nelson, and J. K. Kolls. 2005.
Divergent roles of IL-23 and IL-12 in host defense against Klebsiella
pneumoniae. J. Exp. Med. 202:761.
342. Chung, D. R., D. L. Kasper, R. J. Panzo, T. Chitnis, M. J. Grusby, M. H.
Sayegh, and A. O. Tzianabos. 2003. CD4+ T cells mediate abscess formation in
intra-abdominal sepsis by an IL-17-dependent mechanism. J. Immunol.
170:1958.
343. Stockinger, B., M. Veldhoen, and B. Martin. 2007. Th17 T cells: linking innate
and adaptive immunity. Semin. Immunol. 19:353.
344. Nakae, S., S. Saijo, R. Horai, K. Sudo, S. Mori, and Y. Iwakura. 2003. IL-17
production from activated T cells is required for the spontaneous development
of destructive arthritis in mice deficient in IL-1 receptor antagonist. Proc. Natl.
Acad. Sci. U. S. A 100:5986.
345. Gaffen, S. L. 2004. Biology of recently discovered cytokines: interleukin-17--a
unique inflammatory cytokine with roles in bone biology and arthritis. Arthritis
Res. Ther. 6:240.
346. Kaech, S. M., E. J. Wherry, and R. Ahmed. 2002. Effector and memory T-cell
differentiation: implications for vaccine development. Nat. Rev. Immunol.
2:251.
347. Iezzi, G., K. Karjalainen, and A. Lanzavecchia. 1998. The duration of antigenic
stimulation determines the fate of naive and effector T cells. Immunity. 8:89.
348. Jelley-Gibbs, D. M., N. M. Lepak, M. Yen, and S. L. Swain. 2000. Two distinct
stages in the transition from naive CD4 T cells to effectors, early antigendependent and late cytokine-driven expansion and differentiation. J. Immunol.
165:5017.

207

349. van Stipdonk, M. J., E. E. Lemmens, and S. P. Schoenberger. 2001. Naive CTLs
require a single brief period of antigenic stimulation for clonal expansion and
differentiation. Nat. Immunol. 2:423.
350. Kaech, S. M., and R. Ahmed. 2001. Memory CD8+ T cell differentiation: initial
antigen encounter triggers a developmental program in naive cells. Nat.
Immunol. 2:415.
351. Bajenoff, M., O. Wurtz, and S. Guerder. 2002. Repeated antigen exposure is
necessary for the differentiation, but not the initial proliferation, of naive
CD4(+) T cells. J. Immunol. 168:1723.
352. Foulds, K. E., L. A. Zenewicz, D. J. Shedlock, J. Jiang, A. E. Troy, and H.
Shen. 2002. Cutting edge: CD4 and CD8 T cells are intrinsically different in
their proliferative responses. J. Immunol. 168:1528.
353. Schwendemann, J., C. Choi, V. Schirrmacher, and P. Beckhove. 2005. Dynamic
differentiation of activated human peripheral blood CD8+ and CD4+ effector
memory T cells. J. Immunol. 175:1433.
354. Wong, P., and E. G. Pamer. 2001. Cutting edge: antigen-independent CD8 T
cell proliferation. J. Immunol. 166:5864.
355. Kawai, T., and S. Akira. 2005. Pathogen recognition with Toll-like receptors.
Curr. Opin. Immunol. 17:338.
356. Theiner, G., S. Rossner, A. Dalpke, K. Bode, T. Berger, A. Gessner, and M. B.
Lutz. 2008. TLR9 cooperates with TLR4 to increase IL-12 release by murine
dendritic cells. Mol Immunol. 45:244.
357. Redecke, V., H. Hacker, S. K. Datta, A. Fermin, P. M. Pitha, D. H. Broide, and
E. Raz. 2004. Cutting edge: activation of Toll-like receptor 2 induces a Th2
immune response and promotes experimental asthma. J. Immunol. 172:2739.
358. Dillon, S., A. Agrawal, D. T. Van, G. Landreth, L. McCauley, A. Koh, C.
Maliszewski, S. Akira, and B. Pulendran. 2004. A Toll-like receptor 2 ligand
stimulates Th2 responses in vivo, via induction of extracellular signal-regulated
kinase mitogen-activated protein kinase and c-Fos in dendritic cells. J. Immunol.
172:4733.
359. Park, H. S., M. Costalonga, R. L. Reinhardt, P. E. Dombek, M. K. Jenkins, and
P. P. Cleary. 2004. Primary induction of CD4 T cell responses in nasal
associated lymphoid tissue during group A streptococcal infection. Eur. J
Immunol 34:2843.
360. Medaglini, D., A. Ciabattini, A. M. Cuppone, C. Costa, S. Ricci, M. Costalonga,
and G. Pozzi. 2006. In vivo activation of naive CD4+ T cells in nasal mucosa-

208

associated lymphoid tissue following intranasal immunization with recombinant
Streptococcus gordonii. Infect. Immun. 74:2760.
361. Kiyono, H., and S. Fukuyama. 2004. Nat. Rev. Immunol. 4:699.
362. Pape, K. A., D. M. Catron, A. A. Itano, and M. K. Jenkins. 2007. The humoral
immune response is initiated in lymph nodes by B cells that acquire soluble
antigen directly in the follicles. Immunity. 26:491.
363. Chao, C. C., R. Jensen, and M. O. Dailey. 1997. Mechanisms of L-selectin
regulation by activated T cells. J. Immunol. 159:1686.
364. Orme, I. M. 1988. Characteristics and specificity of acquired immunologic
memory to Mycobacterium tuberculosis infection. J Immunol 140:3589.
365. Dalton, D. K., L. Haynes, C. Q. Chu, S. L. Swain, and S. Wittmer. 2000.
Interferon gamma eliminates responding CD4 T cells during mycobacterial
infection by inducing apoptosis of activated CD4 T cells. J Exp. Med. 192:117.
366. Bevan, M. J. 2002. Immunology: remembrance of things past. Nature. %1926;420:748.
367. Busch, D. H., K. M. Kerksiek, and E. G. Pamer. 2000. Differing roles of
inflammation and antigen in T cell proliferation and memory generation. J.
Immunol. 164:4063.
368. Kuroda, K., J. Yagi, K. Imanishi, X. J. Yan, X. Y. Li, W. Fujimaki, H. Kato, T.
Miyoshi-Akiyama, Y. Kumazawa, H. Abe, and T. Uchiyama. 1996.
Implantation of IL-2-containing osmotic pump prolongs the survival of
superantigen-reactive T cells expanded in mice injected with bacterial
superantigen. J. Immunol. 157:1422.
369. Lalezari, J. P., J. A. Beal, P. J. Ruane, C. J. Cohen, E. L. Jacobson, D. Sundin,
W. P. Leong, S. P. Raffanti, D. A. Wheeler, R. D. Anderson, P. Keiser, S. R.
Schrader, J. C. Goodgame, C. R. Steinhart, R. L. Murphy, M. J. Wolin, and K.
A. Smith. 2000. Low-dose daily subcutaneous interleukin-2 in combination with
highly active antiretroviral therapy in HIV+ patients: a randomized controlled
trial. HIV. Clin. Trials 1:1.
370. Borrow, P., A. Tishon, S. Lee, J. Xu, I. S. Grewal, M. B. Oldstone, and R. A.
Flavell. 1996. CD40L-deficient mice show deficits in antiviral immunity and
have an impaired memory CD8+ CTL response. J. Exp. Med. 183:2129.
371. Abebe, F., T. Mustafa, A. H. Nerland, and G. A. Bjune. 2006. Cytokine profile
during latent and slowly progressive primary tuberculosis: a possible role for
interleukin-15 in mediating clinical disease. Clin. Exp. Immunol. 143:180.

209

372. Kim, H. R., K. A. Hwang, S. H. Park, and I. Kang. 2008. IL-7 and IL-15:
biology and roles in T-Cell immunity in health and disease. Crit Rev. Immunol.
28:325.
373. Jacob, J., and D. Baltimore. 1999. Modelling T-cell memory by genetic marking
of memory T cells in vivo. Nature 399:593.
374. Opferman, J. T., B. T. Ober, and P. G. shton-Rickardt. 1999. Linear
differentiation of cytotoxic effectors into memory T lymphocytes. Science
283:1745.
375. Hu, H., G. Huston, D. Duso, N. Lepak, E. Roman, and S. L. Swain. 2001.
CD4(+) T cell effectors can become memory cells with high efficiency and
without further division. Nat. Immunol. 2:705.
376. Junqueira-Kipnis, A. P., J. Turner, M. Gonzalez-Juarrero, O. C. Turner, and I.
M. Orme. 2004. Stable T-cell population expressing an effector cell surface
phenotype in the lungs of mice chronically infected with Mycobacterium
tuberculosis. Infect. Immun. 72:570.
377. Ahmed, R., and D. Gray. 1996. Immunological memory and protective
immunity: understanding their relation. Science 272:54.
378. Zajac, A. J., J. N. Blattman, K. Murali-Krishna, D. J. Sourdive, M. Suresh, J. D.
Altman, and R. Ahmed. 1998. Viral immune evasion due to persistence of
activated T cells without effector function. J. Exp. Med. 188:2205.
379. Kostense, S., G. S. Ogg, E. H. Manting, G. Gillespie, J. Joling, K.
Vandenberghe, E. Z. Veenhof, B. D. van, S. Jurriaans, M. R. Klein, and F.
Miedema. 2001. High viral burden in the presence of major HIV-specific
CD8(+) T cell expansions: evidence for impaired CTL effector function. Eur. J.
Immunol. 31:677.
380. Tanchot, C., D. L. Barber, L. Chiodetti, and R. H. Schwartz. 2001. Adaptive
tolerance of CD4+ T cells in vivo: multiple thresholds in response to a constant
level of antigen presentation. J. Immunol. 167:2030.
381. Kipnis, A., S. Irwin, A. A. Izzo, R. J. Basaraba, and I. M. Orme. 2005. Memory
T lymphocytes generated by Mycobacterium bovis BCG vaccination reside
within a CD4 CD44lo CD62 Ligandhi population. Infect. Immun. 73:7759.
382. Lauvau, G., S. Vijh, P. Kong, T. Horng, K. Kerksiek, N. Serbina, R. A. Tuma,
and E. G. Pamer. 2001. Priming of memory but not effector CD8 T cells by a
killed bacterial vaccine. Science 294:1735.
383. Manjunath, N., P. Shankar, J. Wan, W. Weninger, M. A. Crowley, K. Hieshima,
T. A. Springer, X. Fan, H. Shen, J. Lieberman, and U. H. von Andrian. 2001.

210

Effector differentiation is not prerequisite for generation of memory cytotoxic T
lymphocytes. J. Clin. Invest 108:871.
384. Roberts, A. D., K. H. Ely, and D. L. Woodland. 2005. Differential contributions
of central and effector memory T cells to recall responses. J Exp. Med 202:123.
385. Weninger, W., M. A. Crowley, N. Manjunath, and U. H. von Andrian. 2001.
Migratory properties of naive, effector, and memory CD8(+) T cells. J. Exp.
Med. 194:953.
386. Mazo, I. B., M. Honczarenko, H. Leung, L. L. Cavanagh, R. Bonasio, W.
Weninger, K. Engelke, L. Xia, R. P. McEver, P. A. Koni, L. E. Silberstein, and
U. H. von Andrian. 2005. Bone marrow is a major reservoir and site of
recruitment for central memory CD8+ T cells. Immunity. 22:259.
387. Scimone, M. L., T. W. Felbinger, I. B. Mazo, J. V. Stein, U. H. von Andrian,
and W. Weninger. 2004. CXCL12 mediates CCR7-independent homing of
central memory cells, but not naive T cells, in peripheral lymph nodes. J. Exp.
Med. 199:1113.
388. Unsoeld, H., and H. Pircher. 2005. Complex memory T-cell phenotypes
revealed by coexpression of CD62L and CCR7. J Virol. 79:4510.
389. Wu, C. Y., J. R. Kirman, M. J. Rotte, D. F. Davey, S. P. Perfetto, E. G. Rhee, B.
L. Freidag, B. J. Hill, D. C. Douek, and R. A. Seder. 2002. Distinct lineages of
T(H)1 cells have differential capacities for memory cell generation in vivo. Nat.
Immunol 3:852.
390. Kim, C. H., L. Rott, E. J. Kunkel, M. C. Genovese, D. P. Andrew, L. Wu, and
E. C. Butcher. 2001. Rules of chemokine receptor association with T cell
polarization in vivo. J. Clin. Invest 108:1331.
391. Garcia, S., J. DiSanto, and B. Stockinger. 1999. Following the development of a
CD4 T cell response in vivo: from activation to memory formation. Immunity.
11:163.
392. Geginat, J., F. Sallusto, and A. Lanzavecchia. 2001. Cytokine-driven
proliferation and differentiation of human naive, central memory, and effector
memory CD4(+) T cells. J. Exp. Med. 194:1711.
393. Gray, D., and P. Matzinger. 1991. T cell memory is short-lived in the absence of
antigen. J. Exp. Med. 174:969.
394. Gray, D., M. Kosco, and B. Stockinger. 1991. Novel pathways of antigen
presentation for the maintenance of memory. Int. Immunol. 3:141.
395. Unsoeld, H., S. Krautwald, D. Voehringer, U. Kunzendorf, and H. Pircher.
2002. Cutting edge: CCR7+ and. J. Immunol. 169:638.

211

396. Champagne, P., G. S. Ogg, A. S. King, C. Knabenhans, K. Ellefsen, M. Nobile,
V. Appay, G. P. Rizzardi, S. Fleury, M. Lipp, R. Forster, S. Rowland-Jones, R.
P. Sekaly, A. J. McMichael, and G. Pantaleo. 2001. Skewed maturation of
memory HIV-specific CD8 T lymphocytes. Nature 410:106.
397. Hogan, R. J., W. Zhong, E. J. Usherwood, T. Cookenham, A. D. Roberts, and
D. L. Woodland. 2001. Protection from respiratory virus infections can be
mediated by antigen-specific CD4(+) T cells that persist in the lungs. J. Exp.
Med. 193:981.
398. Hogan, R. J., E. J. Usherwood, W. Zhong, A. A. Roberts, R. W. Dutton, A. G.
Harmsen, and D. L. Woodland. 2001. Activated antigen-specific CD8+ T cells
persist in the lungs following recovery from respiratory virus infections. J.
Immunol. 166:1813.
399. Wherry, E. J., V. Teichgraber, T. C. Becker, D. Masopust, S. M. Kaech, R.
Antia, U. H. von Andrian, and R. Ahmed. 2003. Lineage relationship and
protective immunity of memory CD8 T cell subsets. Nat. Immunol. 4:225.
400. Roberts, A. D., and D. L. Woodland. 2004. Cutting edge: effector memory
CD8+ T cells play a prominent role in recall responses to secondary viral
infection in the lung. J. Immunol. 172:6533.
401. Ely, K. H., A. D. Roberts, and D. L. Woodland. 2003. Cutting edge: effector
memory CD8+ T cells in the lung airways retain the potential to mediate recall
responses. J. Immunol. 171:3338.
402. Lau, L. L., B. D. Jamieson, T. Somasundaram, and R. Ahmed. 1994. Cytotoxic
T-cell memory without antigen. Nature 369:648.
403. Bank, I., R. A. DePinho, M. B. Brenner, J. Cassimeris, F. W. Alt, and L. Chess.
1986. A functional T3 molecule associated with a novel heterodimer on the
surface of immature human thymocytes. Nature 322:179.
404. Pardoll, D. M., B. J. Fowlkes, J. A. Bluestone, A. Kruisbeek, W. L. Maloy, J. E.
Coligan, and R. H. Schwartz. 1987. Differential expression of two distinct Tcell receptors during thymocyte development. Nature 326:79.
405. Raulet, D. H., R. D. Garman, H. Saito, and S. Tonegawa. 1985. Developmental
regulation of T-cell receptor gene expression. Nature 314:103.
406. Havran, W. L., and J. P. Allison. 1990. Origin of Thy-1+ dendritic epidermal
cells of adult mice from fetal thymic precursors. Nature 344:68.
407. Balasubramaniam, V., and P. M. Appasamy. 1994. Development of murine preT cells into gamma delta T-cell receptor bearing cells. Dev. Comp Immunol.
18:179.

212

408. Komori, H. K., T. F. Meehan, and W. L. Havran. 2006. Epithelial and mucosal
gamma delta T cells. Curr. Opin. Immunol. 18:534.
409. Kronenberg, M., and W. L. Havran. 2007. Frontline T cells: gammadelta T cells
and intraepithelial lymphocytes. Immunol. Rev. 215:5.
410. Kuhnlein, P., J. H. Park, T. Herrmann, A. Elbe, and T. Hunig. 1994.
Identification and characterization of rat gamma/delta T lymphocytes in
peripheral lymphoid organs, small intestine, and skin with a monoclonal
antibody to a constant determinant of the gamma/delta T cell receptor. J.
Immunol. 153:979.
411. Stingl, G., F. Koning, H. Yamada, W. M. Yokoyama, E. Tschachler, J. A.
Bluestone, G. Steiner, L. E. Samelson, A. M. Lew, J. E. Coligan, and . 1987.
Thy-1+ dendritic epidermal cells express T3 antigen and the T-cell receptor
gamma chain. Proc. Natl. Acad. Sci. U. S. A 84:4586.
412. Tonegawa, S., A. Berns, M. Bonneville, A. Farr, I. Ishida, K. Ito, S. Itohara, C.
A. Janeway, Jr., O. Kanagawa, M. Katsuki, and . 1989. Diversity, development,
ligands, and probable functions of gamma delta T cells. Cold Spring Harb.
Symp. Quant. Biol. 54 Pt 1:31.
413. Nanno, M., T. Shiohara, H. Yamamoto, K. Kawakami, and H. Ishikawa. 2007.
gammadelta T cells: firefighters or fire boosters in the front lines of
inflammatory responses. Immunol. Rev. 215:103.
414. Snodgrass, H. R., Z. Dembic, M. Steinmetz, and B. H. von. 1985. Expression of
T-cell antigen receptor genes during fetal development in the thymus. Nature
315:232.
415. Newton, D. J., E. M. Andrew, J. E. Dalton, R. Mears, and S. R. Carding. 2006.
Identification of novel gammadelta T-cell subsets following bacterial infection
in the absence of Vgamma1+ T cells: homeostatic control of gammadelta T-cell
responses to pathogen infection by Vgamma1+ T cells. Infect. Immun. 74:1097.
416. Wu, L., M. Antica, G. R. Johnson, R. Scollay, and K. Shortman. 1991.
Developmental potential of the earliest precursor cells from the adult mouse
thymus. J. Exp. Med. 174:1617.
417. Dudley, E. C., M. Girardi, M. J. Owen, and A. C. Hayday. 1995. Alpha beta and
gamma delta T cells can share a late common precursor. Curr. Biol. 5:659.
418. Philpott, K. L., J. L. Viney, G. Kay, S. Rastan, E. M. Gardiner, S. Chae, A. C.
Hayday, and M. J. Owen. 1992. Lymphoid development in mice congenitally
lacking T cell receptor alpha beta-expressing cells. Science 256:1448.

213

419. Kang, J., A. Volkmann, and D. H. Raulet. 2001. Evidence that gammadelta
versus alphabeta T cell fate determination is initiated independently of T cell
receptor signaling. J. Exp. Med. 193:689.
420. Hayes, S. M., L. Li, and P. E. Love. 2005. TCR signal strength influences
alphabeta/gammadelta lineage fate. Immunity. 22:583.
421. Carvalho, A. C., A. Matteelli, P. Airo, S. Tedoldi, C. Casalini, L. Imberti, G. P.
Cadeo, A. Beltrame, and G. Carosi. 2002. gammadelta T lymphocytes in the
peripheral blood of patients with tuberculosis with and without HIV coinfection. Thorax 57:357.
422. Kabelitz, D., A. Bender, T. Prospero, S. Wesselborg, O. Janssen, and K.
Pechhold. 1991. The primary response of human gamma/delta + T cells to
Mycobacterium tuberculosis is restricted to V gamma 9-bearing cells. J. Exp.
Med. 173:1331.
423. Poquet, Y., F. Halary, E. Champagne, F. Davodeau, M. L. Gougeon, M.
Bonneville, and J. J. Fournie. 1996. Human gamma delta T cells in tuberculosis.
Res. Immunol. 147:542.
424. Moser, B., and M. Eberl. 2007. gammadelta T cells: novel initiators of adaptive
immunity. Immunol. Rev. 215:89.
425. Inagaki-Ohara, K., T. Chinen, G. Matsuzaki, A. Sasaki, Y. Sakamoto, K.
Hiromatsu, F. Nakamura-Uchiyama, Y. Nawa, and A. Yoshimura. 2004.
Mucosal T cells bearing TCRgammadelta play a protective role in intestinal
inflammation. J. Immunol. 173:1390.
426. Shibahara, T., K. Miyazaki, D. Sato, H. Matsui, A. Yanaka, A. Nakahara, and
N. Tanaka. 2005. Alteration of intestinal epithelial function by intraepithelial
lymphocyte homing. J. Gastroenterol. 40:878.
427. Elloso, M. M., H. C. van der Heyde, A. Troutt, D. D. Manning, and W. P.
Weidanz. 1996. Human gamma delta T cell subset-proliferative response to
malarial antigen in vitro depends on CD4+ T cells or cytokines that signal
through components of the IL-2R. J. Immunol. 157:2096.
428. Dieli, F., M. Troye-Blomberg, S. E. Farouk, G. Sireci, and A. Salerno. 2001.
Biology of gammadelta T cells in tuberculosis and malaria. Curr. Mol. Med.
1:437.
429. Goodier, M. R., C. Lundqvist, M. L. Hammarstrom, M. Troye-Blomberg, and J.
Langhorne. 1995. Cytokine profiles for human V gamma 9+ T cells stimulated
by Plasmodium falciparum. Parasite Immunol. 17:413.

214

430. Girardi, M., J. M. Lewis, R. B. Filler, A. C. Hayday, and R. E. Tigelaar. 2006.
Environmentally responsive and reversible regulation of epidermal barrier
function by gammadelta T cells. J. Invest Dermatol. 126:808.
431. Lahn, M., A. Kanehiro, Y. S. Hahn, J. M. Wands, M. K. Aydintug, R. L.
O'Brien, E. W. Gelfand, and W. K. Born. 2004. Aerosolized anti-T-cell-receptor
antibodies are effective against airway inflammation and hyperreactivity. Int.
Arch. Allergy Immunol. 134:49.
432. Cheroutre, H. 2004. Starting at the beginning: new perspectives on the biology
of mucosal T cells. Annu. Rev. Immunol. 22:217.
433. Lefrancois, L. 1991. Phenotypic complexity of intraepithelial lymphocytes of
the small intestine. J. Immunol. 147:1746.
434. De, G. B., E. M. Van den, C. Coolen, L. Nagelkerken, H. P. Van der, and J.
Rozing. 1990. Phenotype of intraepithelial lymphocytes in euthymic and
athymic mice: implications for differentiation of cells bearing a CD3-associated
gamma delta T cell receptor. Eur. J. Immunol. 20:291.
435. Pennington, D. J., B. Silva-Santos, and A. C. Hayday. 2005. Gammadelta T cell
development--having the strength to get there. Curr. Opin. Immunol. 17:108.
436. Saito, H., Y. Kanamori, T. Takemori, H. Nariuchi, E. Kubota, H. TakahashiIwanaga, T. Iwanaga, and H. Ishikawa. 1998. Generation of intestinal T cells
from progenitors residing in gut cryptopatches. Science 280:275.
437. Mosley, R. L., D. Styre, and J. R. Klein. 1990. Differentiation and functional
maturation of bone marrow-derived intestinal epithelial T cells expressing
membrane T cell receptor in athymic radiation chimeras. J. Immunol. 145:1369.
438. Poussier, P., H. S. Teh, and M. Julius. 1993. Thymus-independent positive and
negative selection of T cells expressing a major histocompatibility complex
class I restricted transgenic T cell receptor alpha/beta in the intestinal
epithelium. J. Exp. Med. 178:1947.
439. Poussier, P., P. Edouard, C. Lee, M. Binnie, and M. Julius. 1992. Thymusindependent development and negative selection of T cells expressing T cell
receptor alpha/beta in the intestinal epithelium: evidence for distinct circulation
patterns of gut- and thymus-derived T lymphocytes. J. Exp. Med. 176:187.
440. Guy-Grand, D., O. Azogui, S. Celli, S. Darche, M. C. Nussenzweig, P.
Kourilsky, and P. Vassalli. 2003. Extrathymic T cell lymphopoiesis: ontogeny
and contribution to gut intraepithelial lymphocytes in athymic and euthymic
mice. J. Exp. Med. 197:333.
441. Kanamori, Y., K. Ishimaru, M. Nanno, K. Maki, K. Ikuta, H. Nariuchi, and H.
Ishikawa. 1996. Identification of novel lymphoid tissues in murine intestinal

215

mucosa where clusters of c-kit+ IL-7R+ Thy1+ lympho-hemopoietic
progenitors develop. J. Exp. Med. 184:1449.
442. Bandeira, A., S. Itohara, M. Bonneville, O. Burlen-Defranoux, T. Mota-Santos,
A. Coutinho, and S. Tonegawa. 1991. Extrathymic origin of intestinal
intraepithelial lymphocytes bearing T-cell antigen receptor gamma delta. Proc.
Natl. Acad. Sci. U. S. A 88:43.
443. Nonaka, S., T. Naito, H. Chen, M. Yamamoto, K. Moro, H. Kiyono, H.
Hamada, and H. Ishikawa. 2005. Intestinal gamma delta T cells develop in mice
lacking thymus, all lymph nodes, Peyer's patches, and isolated lymphoid
follicles. J. Immunol. 174:1906.
444. Rocha, B., P. Vassalli, and D. Guy-Grand. 1994. Thymic and extrathymic
origins of gut intraepithelial lymphocyte populations in mice. J. Exp. Med.
180:681.
445. Lin, T., G. Matsuzaki, H. Kenai, T. Nakamura, and K. Nomoto. 1993. Thymus
influences the development of extrathymically derived intestinal intraepithelial
lymphocytes. Eur. J. Immunol. 23:1968.
446. Ramanathan, S., L. Marandi, and P. Poussier. 2002. Evidence for the
extrathymic origin of intestinal TCRgammadelta(+) T cells in normal rats and
for an impairment of this differentiation pathway in BB rats. J. Immunol.
168:2182.
447. Locke, N. R., S. Stankovic, D. P. Funda, and L. C. Harrison. 2006. TCR gamma
delta intraepithelial lymphocytes are required for self-tolerance. J. Immunol.
176:6553.
448. Fujihashi, K., T. Dohi, M. N. Kweon, J. R. McGhee, T. Koga, M. D. Cooper, S.
Tonegawa, and H. Kiyono. 1999. gammadelta T cells regulate mucosally
induced tolerance in a dose-dependent fashion. Int. Immunol. 11:1907.
449. Mengel, J., F. Cardillo, L. S. Aroeira, O. Williams, M. Russo, and N. M. Vaz.
1995. Anti-gamma delta T cell antibody blocks the induction and maintenance
of oral tolerance to ovalbumin in mice. Immunol. Lett. 48:97.
450. Ke, Y., K. Pearce, J. P. Lake, H. K. Ziegler, and J. A. Kapp. 1997. Gamma delta
T lymphocytes regulate the induction and maintenance of oral tolerance. J.
Immunol. 158:3610.
451. Born, W. K., C. L. Reardon, and R. L. O'Brien. 2006. The function of
gammadelta T cells in innate immunity. Curr. Opin. Immunol. 18:31.
452. Itano, A. A., and M. K. Jenkins. 2003. Antigen presentation to naive CD4 T
cells in the lymph node. Nat. Immunol. 4:733.

216

453. Werner-Klein, M., C. Dresch, P. Marconi, and T. Brocker. 2007. Transcriptional
targeting of B cells for induction of peripheral CD8 T cell tolerance. J.
Immunol. 178:7738.
454. Hon, H., A. Oran, T. Brocker, and J. Jacob. 2005. B lymphocytes participate in
cross-presentation of antigen following gene gun vaccination. J. Immunol.
174:5233.
455. Hoft, D. F., C. S. Eickhoff, O. K. Giddings, J. R. Vasconcelos, and M. M.
Rodrigues. 2007. Trans-sialidase recombinant protein mixed with CpG motifcontaining oligodeoxynucleotide induces protective mucosal and systemic
trypanosoma cruzi immunity involving CD8+ CTL and B cell-mediated crosspriming. J. Immunol. 179:6889.
456. Tobian, A. A., C. V. Harding, and D. H. Canaday. 2005. Mycobacterium
tuberculosis heat shock fusion protein enhances class I MHC cross-processing
and -presentation by B lymphocytes. J. Immunol. 174:5209.
457. Keller, S. A., C. E. von Allmen, H. J. Hinton, M. Bauer, S. Muntwiler, K.
Dietmeier, P. Saudan, and M. F. Bachmann. 2009. Follicular and marginal zone
B cells fail to cross-present MHC class I-restricted epitopes derived from viral
particles. J. Immunol. 182:6261.
458. Fulcher, D. A., and A. Basten. 1997. B-cell activation versus tolerance--the
central role of immunoglobulin receptor engagement and T-cell help. Int. Rev.
Immunol. 15:33.
459. Holt, P. G., P. A. Stumbles, and A. S. McWilliam. 1999. Functional studies on
dendritic cells in the respiratory tract and related mucosal tissues. J. Leukoc.
Biol. 66:272.
460. Hart, D. N. 1997. Dendritic cells: unique leukocyte populations which control
the primary immune response. Blood 90:3245.
461. Harris, N. L., and F. Ronchese. 1999. The role of B7 costimulation in T-cell
immunity. Immunol. Cell Biol. 77:304.
462. Parker, D. C. 1993. T cell-dependent B cell activation. Annu. Rev. Immunol.
11:331.
463. Bretscher, P., and M. Cohn. 1970. A theory of self-nonself discrimination.
Science 169:1042.
464. Grewal, I. S., and R. A. Flavell. 1996. The role of CD40 ligand in costimulation
and T-cell activation. Immunol. Rev. 153:85.
465. Armitage, R. J., W. C. Fanslow, L. Strockbine, T. A. Sato, K. N. Clifford, B. M.
Macduff, D. M. Anderson, S. D. Gimpel, T. vis-Smith, C. R. Maliszewski, and .

217

1992. Molecular and biological characterization of a murine ligand for CD40.
Nature 357:80.
466. Noelle, R. J., M. Roy, D. M. Shepherd, I. Stamenkovic, J. A. Ledbetter, and A.
Aruffo. 1992. A 39-kDa protein on activated helper T cells binds CD40 and
transduces the signal for cognate activation of B cells. Proc. Natl. Acad. Sci. U.
S. A 89:6550.
467. Dustin, M. L., and T. A. Springer. 1991. Role of lymphocyte adhesion receptors
in transient interactions and cell locomotion. Annu. Rev. Immunol. 9:27.
468. Garside, P., E. Ingulli, R. R. Merica, J. G. Johnson, R. J. Noelle, and M. K.
Jenkins. 1998. Visualization of specific B and T lymphocyte interactions in the
lymph node. Science 281:96.
469. Baumgarth, N. 2000. A two-phase model of B-cell activation. Immunol. Rev.
176:171.
470. Severinson, E., C. Fernandez, and J. Stavnezer. 1990. Induction of germ-line
immunoglobulin heavy chain transcripts by mitogens and interleukins prior to
switch recombination. Eur. J. Immunol. 20:1079.
471. Schultz, C. L., P. Rothman, R. Kuhn, M. Kehry, W. Muller, K. Rajewsky, F.
Alt, and R. L. Coffman. 1992. T helper cell membranes promote IL-4independent expression of germ-line C gamma 1 transcripts in B cells. J.
Immunol. 149:60.
472. Bachmann, M. F., and R. M. Zinkernagel. 1997. Neutralizing antiviral B cell
responses. Annu. Rev. Immunol. 15:235.
473. Croix, D. A., J. M. Ahearn, A. M. Rosengard, S. Han, G. Kelsoe, M. Ma, and
M. C. Carroll. 1996. Antibody response to a T-dependent antigen requires B cell
expression of complement receptors. J. Exp. Med. 183:1857.
474. Molina, H., V. M. Holers, B. Li, Y. Fung, S. Mariathasan, J. Goellner, J.
Strauss-Schoenberger, R. W. Karr, and D. D. Chaplin. 1996. Markedly impaired
humoral immune response in mice deficient in complement receptors 1 and 2.
Proc. Natl. Acad. Sci. U. S. A 93:3357.
475. DeFranco, A. L. 2000. B-cell activation 2000. Immunol. Rev. 176:5.
476. Krieg, A. M., A. K. Yi, S. Matson, T. J. Waldschmidt, G. A. Bishop, R.
Teasdale, G. A. Koretzky, and D. M. Klinman. 1995. CpG motifs in bacterial
DNA trigger direct B-cell activation. Nature 374:546.
477. Vos, Q., A. Lees, Z. Q. Wu, C. M. Snapper, and J. J. Mond. 2000. B-cell
activation by T-cell-independent type 2 antigens as an integral part of the

218

humoral immune response to pathogenic microorganisms. Immunol. Rev.
176:154.
478. Ma, J., T. Chen, J. Mandelin, A. Ceponis, N. E. Miller, M. Hukkanen, G. F. Ma,
and Y. T. Konttinen. 2003. Regulation of macrophage activation. Cell Mol. Life
Sci. 60:2334.
479. Gordon, S. 2003. Alternative activation of macrophages. Nat. Rev. Immunol.
3:23.
480. Chang, M. D., E. R. Stanley, H. Khalili, O. Chisholm, and J. W. Pollard. 1995.
Osteopetrotic (op/op) mice deficient in macrophages have the ability to mount a
normal T-cell-dependent immune response. Cell Immunol. 162:146.
481. Reinhardt, R. L., A. Khoruts, R. Merica, T. Zell, and M. K. Jenkins. 2001.
Visualizing the generation of memory CD4 T cells in the whole body. Nature
410:101.
482. Aichele, P., J. Zinke, L. Grode, R. A. Schwendener, S. H. Kaufmann, and P.
Seiler. 2003. Macrophages of the splenic marginal zone are essential for
trapping of blood-borne particulate antigen but dispensable for induction of
specific T cell responses. J. Immunol. 171:1148.
483. Dalton, D. K., S. Pitts-Meek, S. Keshav, I. S. Figari, A. Bradley, and T. A.
Stewart. 1993. Multiple defects of immune cell function in mice with disrupted
interferon-gamma genes. Science 259:1739.
484. Mosser, D. M. 2003. The many faces of macrophage activation. J. Leukoc. Biol.
73:209.
485. Hibbs, J. B., Jr. 2002. Infection and nitric oxide. J. Infect. Dis. 185 Suppl 1:S9.
486. MacMicking, J., Q. W. Xie, and C. Nathan. 1997. Nitric oxide and macrophage
function. Annu. Rev. Immunol. 15:323.
487. Gruenheid, S., and P. Gros. 2000. Genetic susceptibility to intracellular
infections: Nramp1, macrophage function and divalent cations transport. Curr.
Opin. Microbiol. 3:43.
488. Carlin, J. M., E. C. Borden, P. M. Sondel, and G. I. Byrne. 1989. Interferoninduced indoleamine 2,3-dioxygenase activity in human mononuclear
phagocytes. J. Leukoc. Biol. 45:29.
489. Rook, G. A., J. Steele, M. Ainsworth, and B. R. Champion. 1986. Activation of
macrophages to inhibit proliferation of Mycobacterium tuberculosis:
comparison of the effects of recombinant gamma-interferon on human
monocytes and murine peritoneal macrophages. Immunology 59:333.

219

490. Stein, M., S. Keshav, N. Harris, and S. Gordon. 1992. Interleukin 4 potently
enhances murine macrophage mannose receptor activity: a marker of alternative
immunologic macrophage activation. J. Exp. Med. 176:287.
491. Kodelja, V., C. Muller, O. Politz, N. Hakij, C. E. Orfanos, and S. Goerdt. 1998.
Alternative macrophage activation-associated CC-chemokine-1, a novel
structural homologue of macrophage inflammatory protein-1 alpha with a Th2associated expression pattern. J. Immunol. 160:1411.
492. Modi, W. S., J. Lautenberger, P. An, K. Scott, J. J. Goedert, G. D. Kirk, S.
Buchbinder, J. Phair, S. Donfield, S. J. O'Brien, and C. Winkler. 2006. Genetic
variation in the CCL18-CCL3-CCL4 chemokine gene cluster influences HIV
Type 1 transmission and AIDS disease progression. Am. J. Hum. Genet. 79:120.
493. Modolell, M., I. M. Corraliza, F. Link, G. Soler, and K. Eichmann. 1995.
Reciprocal regulation of the nitric oxide synthase/arginase balance in mouse
bone marrow-derived macrophages by TH1 and TH2 cytokines. Eur. J.
Immunol. 25:1101.
494. Gratchev, A., P. Guillot, N. Hakiy, O. Politz, C. E. Orfanos, K. Schledzewski,
and S. Goerdt. 2001. Alternatively activated macrophages differentially express
fibronectin and its splice variants and the extracellular matrix protein betaIGH3. Scand. J. Immunol. 53:386.
495. Kodelja, V., C. Muller, S. Tenorio, C. Schebesch, C. E. Orfanos, and S. Goerdt.
1997. Differences in angiogenic potential of classically vs alternatively
activated macrophages. Immunobiology 197:478.
496. Keller, R. 1980. Regulatory functions of macrophages. Agents Actions Suppl
7:90.
497. Anderson, C. F., and D. M. Mosser. 2002. Cutting edge: biasing immune
responses by directing antigen to macrophage Fc gamma receptors. J. Immunol.
168:3697.
498. Sutterwala, F. S., G. J. Noel, R. Clynes, and D. M. Mosser. 1997. Selective
suppression of interleukin-12 induction after macrophage receptor ligation. J.
Exp. Med. 185:1977.
499. Sutterwala, F. S., G. J. Noel, P. Salgame, and D. M. Mosser. 1998. Reversal of
proinflammatory responses by ligating the macrophage Fcgamma receptor type
I. J. Exp. Med. 188:217.
500. Gerber, J. S., and D. M. Mosser. 2001. Reversing lipopolysaccharide toxicity by
ligating the macrophage Fc gamma receptors. J. Immunol. 166:6861.
501. Anderson, C. F., and D. M. Mosser. 2002. A novel phenotype for an activated
macrophage: the type 2 activated macrophage. J. Leukoc. Biol. 72:101.

220

502. Boldrick, J. C., A. A. Alizadeh, M. Diehn, S. Dudoit, C. L. Liu, C. E. Belcher,
D. Botstein, L. M. Staudt, P. O. Brown, and D. A. Relman. 2002. Stereotyped
and specific gene expression programs in human innate immune responses to
bacteria. Proc. Natl. Acad. Sci. U. S. A 99:972.
503. Nau, G. J., J. F. Richmond, A. Schlesinger, E. G. Jennings, E. S. Lander, and R.
A. Young. 2002. Human macrophage activation programs induced by bacterial
pathogens. Proc. Natl. Acad. Sci. U. S. A 99:1503.
504. Flavell, R. A. 2002. The relationship of inflammation and initiation of
autoimmune disease: role of TNF super family members. Curr. Top. Microbiol.
Immunol. 266:1.
505. Berger, T., S. Weerth, K. Kojima, C. Linington, H. Wekerle, and H. Lassmann.
1997. Experimental autoimmune encephalomyelitis: the antigen specificity of T
lymphocytes determines the topography of lesions in the central and peripheral
nervous system. Lab Invest 76:355.
506. Kirkeboen, K. A., and O. A. Strand. 1999. The role of nitric oxide in sepsis--an
overview. Acta Anaesthesiol. Scand. 43:275.
507. Spit, B. J., E. G. Hendriksen, J. P. Bruijntjes, and C. F. Kuper. 1989. Nasal
lymphoid tissue in the rat. Cell Tissue Res. 255:193.
508. Jeong, K. I., H. Suzuki, H. Nakayama, and K. Doi. 2000. Ultrastructural study
on the follicle-associated epithelium of nasal-associated lymphoid tissue in
specific pathogen-free (SPF) and conventional environment-adapted (SPF-CV)
rats. J. Anat. 196 ( Pt 3):443.
509. Giannasca, P. J., J. A. Boden, and T. P. Monath. 1997. Targeted delivery of
antigen to hamster nasal lymphoid tissue with M-cell-directed lectins. Infect.
Immun. 65:4288.
510. Gebert, A. 1995. Identification of M-cells in the rabbit tonsil by vimentin
immunohistochemistry and in vivo protein transport. Histochem. Cell Biol.
104:211.
511. Gebert, A., and G. Hach. 1992. Vimentin antibodies stain membranous
epithelial cells in the rabbit bronchus-associated lymphoid tissue (BALT).
Histochemistry 98:271.
512. Jones, B., L. Pascopella, and S. Falkow. 1995. Entry of microbes into the host:
using M cells to break the mucosal barrier. Curr. Opin. Immunol. 7:474.
513. Yamanaka, T., A. Straumfors, H. Morton, O. Fausa, P. Brandtzaeg, and I.
Farstad. 2001. M cell pockets of human Peyer's patches are specialized
extensions of germinal centers. Eur. J. Immunol. 31:107.

221

514. Jarry, A., M. Robaszkiewicz, N. Brousse, and F. Potet. 1989. Immune cells
associated with M cells in the follicle-associated epithelium of Peyer's patches
in the rat. An electron- and immuno-electron-microscopic study. Cell Tissue
Res. 255:293.
515. Kato, A., Y. Hashimoto, Y. Kon, and M. Sugimura. 1992. Are there M cells in
the cecal tonsil of chickens? J. Vet. Med. Sci. 54:999.
516. Amerongen, H. M., R. Weltzin, C. M. Farnet, P. Michetti, W. A. Haseltine, and
M. R. Neutra. 1991. Transepithelial transport of HIV-1 by intestinal M cells: a
mechanism for transmission of AIDS. J. Acquir. Immune. Defic. Syndr. 4:760.
517. Bockman, D. E., and M. D. Cooper. 1973. Pinocytosis by epithelium associated
with lymphoid follicles in the bursa of Fabricius, appendix, and Peyer's patches.
An electron microscopic study. Am. J. Anat. 136:455.
518. Egberts, H. J., M. G. Brinkhoff, J. M. Mouwen, J. E. van Dijk, and J. F.
Koninkx. 1985. Biology and pathology of the intestinal M-cell. A review. Vet.
Q. 7:333.
519. Neutra, M. R., and J. P. Kraehenbuhl. 1992. Transepithelial transport and
mucosal defence I: the role of M cells. Trends Cell Biol. 2:134.
520. Owen, R. L., and A. L. Jones. 1974. Epithelial cell specialization within human
Peyer's patches: an ultrastructural study of intestinal lymphoid follicles.
Gastroenterology 66:189.
521. Wolf, J. L., and W. A. Bye. 1984. The membranous epithelial (M) cell and the
mucosal immune system. Annu. Rev. Med. 35:95.
522. Wolf, J. L., D. H. Rubin, R. Finberg, R. S. Kauffman, A. H. Sharpe, J. S. Trier,
and B. N. Fields. 1981. Intestinal M cells: a pathway for entry of reovirus into
the host. Science 212:471.
523. Sicinski, P., J. Rowinski, J. B. Warchol, Z. Jarzabek, W. Gut, B. Szczygiel, K.
Bielecki, and G. Koch. 1990. Poliovirus type 1 enters the human host through
intestinal M cells. Gastroenterology 98:56.
524. Kato, T., and R. L. Owen. 1994. Handbook of mucosal immunology. Academic.
Press11.
525. Fujimura, Y. 1986. Functional morphology of microfold cells (M cells) in
Peyer's patches--phagocytosis and transport of BCG by M cells into rabbit
Peyer's patches. Gastroenterol. Jpn. 21:325.
526. Owen, R. L. 1977. Sequential uptake of horseradish peroxidase by lymphoid
follicle epithelium of Peyer's patches in the normal unobstructed mouse
intestine: an ultrastructural study. Gastroenterology 72:440.

222

527. Kerneis, S., A. Bogdanova, J. P. Kraehenbuhl, and E. Pringault. 1997.
Conversion by Peyer's patch lymphocytes of human enterocytes into M cells
that transport bacteria. Science 277:949.
528. Golovkina, T. V., M. Shlomchik, L. Hannum, and A. Chervonsky. 1999.
Organogenic role of B lymphocytes in mucosal immunity. Science 286:1965.
529. Debard, N., F. Sierro, J. Browning, and J. P. Kraehenbuhl. 2001. Effect of
mature lymphocytes and lymphotoxin on the development of the follicleassociated epithelium and M cells in mouse Peyer's patches. Gastroenterology
120:1173.
530. Savidge, T. C., M. W. Smith, P. S. James, and P. Aldred. 1991. Salmonellainduced M-cell formation in germ-free mouse Peyer's patch tissue. Am. J.
Pathol. 139:177.
531. Borghesi, C., M. J. Taussig, and C. Nicoletti. 1999. Rapid appearance of M cells
after microbial challenge is restricted at the periphery of the follicle-associated
epithelium of Peyer's patch. Lab Invest 79:1393.
532. Moreau, M. C., and V. Gaboriau-Routhiau. 1996. The absence of gut flora, the
doses of antigen ingested and aging affect the long-term peripheral tolerance
induced by ovalbumin feeding in mice. Res. Immunol. 147:49.
533. Spahn, T. W., H. L. Weiner, P. D. Rennert, N. Lugering, A. Fontana, W.
Domschke, and T. Kucharzik. 2002. Mesenteric lymph nodes are critical for the
induction of high-dose oral tolerance in the absence of Peyer's patches. Eur. J.
Immunol. 32:1109.
534. Aderem, A., and R. J. Ulevitch. 2000. Toll-like receptors in the induction of the
innate immune response. Nature 406:782.
535. Borruel, N., M. Carol, F. Casellas, M. Antolin, L. F. de, E. Espin, J. Naval, F.
Guarner, and J. R. Malagelada. 2002. Increased mucosal tumour necrosis factor
alpha production in Crohn's disease can be downregulated ex vivo by probiotic
bacteria. Gut 51:659.
536. Lee, J., J. M. Gonzales-Navajas, and E. Raz. 2008. The "polarizing-tolerizing"
mechanism of intestinal epithelium: its relevance to colonic homeostasis. Semin.
Immunopathol. 30:3.
537. Challacombe, S. J., and T. B. Tomasi, Jr. 1980. Systemic tolerance and
secretory immunity after oral immunization. J. Exp. Med. 152:1459.
538. Suss, G., and K. Shortman. 1996. A subclass of dendritic cells kills CD4 T cells
via Fas/Fas-ligand-induced apoptosis. J. Exp. Med. 183:1789.

223

539. Shakhar, G., R. L. Lindquist, D. Skokos, D. Dudziak, J. H. Huang, M. C.
Nussenzweig, and M. L. Dustin. 2005. Stable T cell-dendritic cell interactions
precede the development of both tolerance and immunity in vivo. Nat. Immunol.
6:707.
540. Ishikawa, H., K. Tanaka, Y. Maeda, Y. Aiba, A. Hata, N. M. Tsuji, Y. Koga,
and T. Matsumoto. 2008. Effect of intestinal microbiota on the induction of
regulatory CD25+ CD4+ T cells. Clin. Exp. Immunol. 153:127.
541. Tsuji, N. M. 2006. Antigen-specific CD4(+) regulatory T cells in the intestine.
Inflamm. Allergy Drug Targets. 5:191.
542. Ridge, J. P., E. J. Fuchs, and P. Matzinger. 1996. Neonatal tolerance revisited:
turning on newborn T cells with dendritic cells. Science 271:1723.
543. Adams, D. H., B. Eksteen, and S. M. Curbishley. 2008. Immunology of the gut
and liver: a love/hate relationship. Gut 57:838.
544. Ilan, Y. 2009. Oral tolerance: Can we make it work? Hum. Immunol.
545. Barnes, P. D., M. A. Bergman, J. Mecsas, and R. R. Isberg. 2006. Yersinia
pseudotuberculosis disseminates directly from a replicating bacterial pool in the
intestine. J. Exp. Med. 203:1591.
546. Pepe, J. C., M. R. Wachtel, E. Wagar, and V. L. Miller. 1995. Pathogenesis of
defined invasion mutants of Yersinia enterocolitica in a BALB/c mouse model
of infection. Infect. Immun. 63:4837.
547. Berg, R. D. 1999. Bacterial translocation from the gastrointestinal tract. Adv.
Exp. Med. Biol. 473:11.
548. Van Leeuwen, P. A., M. A. Boermeester, A. P. Houdijk, C. C. Ferwerda, M. A.
Cuesta, S. Meyer, and R. I. Wesdorp. 1994. Clinical significance of
translocation. Gut 35:S28-S34.
549. Bernet, M. F., D. Brassart, J. R. Neeser, and A. L. Servin. 1994. Lactobacillus
acidophilus LA 1 binds to cultured human intestinal cell lines and inhibits cell
attachment and cell invasion by enterovirulent bacteria. Gut 35:483.
550. Hooper, L. V., J. Xu, P. G. Falk, T. Midtvedt, and J. I. Gordon. 1999. A
molecular sensor that allows a gut commensal to control its nutrient foundation
in a competitive ecosystem. Proc. Natl. Acad. Sci. U. S. A 96:9833.
551. Brook, I. 1999. Bacterial interference. Crit Rev. Microbiol. 25:155.
552. Lievin, V., I. Peiffer, S. Hudault, F. Rochat, D. Brassart, J. R. Neeser, and A. L.
Servin. 2000. Bifidobacterium strains from resident infant human
gastrointestinal microflora exert antimicrobial activity. Gut 47:646.

224

553. Baba, E., S. Nagaishi, T. Fukata, and A. Arakawa. 1991. The role of intestinal
microflora on the prevention of Salmonella colonization in gnotobiotic
chickens. Poult. Sci. 70:1902.
554. Taguchi, H., M. Takahashi, H. Yamaguchi, T. Osaki, A. Komatsu, Y. Fujioka,
and S. Kamiya. 2002. Experimental infection of germ-free mice with hypertoxigenic enterohaemorrhagic Escherichia coli O157:H7, strain 6. J. Med.
Microbiol. 51:336.
555. Raviglione, M. C., D. E. Snider, Jr., and A. Kochi. 1995. Global epidemiology
of tuberculosis. Morbidity and mortality of a worldwide epidemic. JAMA
273:220.
556. Zumla, A., P. Malon, J. Henderson, and J. M. Grange. 2000. Impact of HIV
infection on tuberculosis. Postgrad. Med. J. 76:259.
557. Koch, R. 1982. Classics in infectious diseases. The etiology of tuberculosis:
Robert Koch. Berlin, Germany 1882. Rev. Infect. Dis. 4:1270.
558. de, l. R.-D. 2006. Human Mycobacterium bovis infection in the United
Kingdom: Incidence, risks, control measures and review of the zoonotic aspects
of bovine tuberculosis. Tuberculosis. (Edinb. ) 86:77.
559.

1932. LUEBECK DISASTER. Am. J. Public Health Nations. Health 22:296.

560. O'Reilly, L. M., and C. J. Daborn. 1995. The epidemiology of Mycobacterium
bovis infections in animals and man: a review. Tuber. Lung Dis. 76 Suppl 1:1.
561. Delahay, R. J., C. L. Cheeseman, and R. S. Clifton-Hadley. 2001. Wildlife
disease reservoirs: the epidemiology of Mycobacterium bovis infection in the
European badger (Meles meles) and other British mammals. Tuberculosis.
(Edinb. ) 81:43.
562. Zinkernagel, R. M. 2002. On differences between immunity and immunological
memory. Curr. Opin. Immunol. 14:523.
563. Scanga, C. A., V. P. Mohan, K. Yu, H. Joseph, K. Tanaka, J. Chan, and J. L.
Flynn. 2000. Depletion of CD4(+) T cells causes reactivation of murine
persistent tuberculosis despite continued expression of interferon gamma and
nitric oxide synthase 2. J. Exp. Med. 192:347.
564. Cowley, S. C., and K. L. Elkins. 2003. CD4+ T cells mediate IFN-gammaindependent control of Mycobacterium tuberculosis infection both in vitro and
in vivo. J Immunol 171:4689.
565. Sharma, S. K., and A. Mohan. 2003. Scientific basis of directly observed
treatment, short-course (DOTS). J. Indian Med. Assoc. 101:157, 166.

225

566. Kobaidze, K., A. Salakaia, and H. M. Blumberg. 2009. Over the Counter
Availability of Antituberculosis Drugs in Tbilisi, Georgia in the Setting of a
High Prevalence of MDR-TB. Interdiscip. Perspect. Infect. Dis. 2009:513609.
567. Jain, A., and P. Dixit. 2008. Multidrug-resistant to extensively drug resistant
tuberculosis: what is next? J Biosci. 33:605.
568. Horsburgh, C. R., Jr. 2004. Priorities for the treatment of latent tuberculosis
infection in the United States. N. Engl. J. Med. 350:2060.
569. Frothingham, R., H. G. Hills, and K. H. Wilson. 1994. Extensive DNA sequence
conservation throughout the Mycobacterium tuberculosis complex. J. Clin.
Microbiol. 32:1639.
570. Calmette, A. 1927. La Vaccination Preventive Contre la Tuberculose. (Masson.
, Paris).
571. Brosch, R., S. V. Gordon, T. Garnier, K. Eiglmeier, W. Frigui, P. Valenti, S. S.
Dos, S. Duthoy, C. Lacroix, C. Garcia-Pelayo, J. K. Inwald, P. Golby, J. N.
Garcia, R. G. Hewinson, M. A. Behr, M. A. Quail, C. Churcher, B. G. Barrell, J.
Parkhill, and S. T. Cole. 2007. Genome plasticity of BCG and impact on
vaccine efficacy. Proc. Natl. Acad. Sci. U. S. A 104:5596.
572. Mahairas, G. G., P. J. Sabo, M. J. Hickey, D. C. Singh, and C. K. Stover. 1996.
Molecular analysis of genetic differences between Mycobacterium bovis BCG
and virulent M. bovis. J Bacteriol. 178:1274.
573. Harboe, M., T. Oettinger, H. G. Wiker, I. Rosenkrands, and P. Andersen. 1996.
Evidence for occurrence of the ESAT-6 protein in Mycobacterium tuberculosis
and virulent Mycobacterium bovis and for its absence in Mycobacterium bovis
BCG. Infect. Immun. 64:16.
574. Pym, A. S., P. Brodin, R. Brosch, M. Huerre, and S. T. Cole. 2002. Loss of RD1
contributed to the attenuation of the live tuberculosis vaccines Mycobacterium
bovis BCG and Mycobacterium microti. Mol. Microbiol. 46:709.
575. Sorensen, A. L., S. Nagai, G. Houen, P. Andersen, and A. B. Andersen. 1995.
Purification and characterization of a low-molecular-mass T-cell antigen
secreted by Mycobacterium tuberculosis. Infect. Immun. 63:1710.
576. Berthet, F. X., P. B. Rasmussen, I. Rosenkrands, P. Andersen, and B. Gicquel.
1998. A Mycobacterium tuberculosis operon encoding ESAT-6 and a novel
low-molecular-mass culture filtrate protein (CFP-10). Microbiology 144 ( Pt
11):3195.
577. Renshaw, P. S., P. Panagiotidou, A. Whelan, S. V. Gordon, R. G. Hewinson, R.
A. Williamson, and M. D. Carr. 2002. Conclusive evidence that the major T-cell
antigens of the Mycobacterium tuberculosis complex ESAT-6 and CFP-10 form

226

a tight, 1:1 complex and characterization of the structural properties of ESAT-6,
CFP-10, and the ESAT-6*CFP-10 complex. Implications for pathogenesis and
virulence. J. Biol. Chem. 277:21598.
578. Renshaw, P. S., K. L. Lightbody, V. Veverka, F. W. Muskett, G. Kelly, T. A.
Frenkiel, S. V. Gordon, R. G. Hewinson, B. Burke, J. Norman, R. A.
Williamson, and M. D. Carr. 2005. Structure and function of the complex
formed by the tuberculosis virulence factors CFP-10 and ESAT-6. EMBO J.
24:2491.
579. Joshi, S. M., A. K. Pandey, N. Capite, S. M. Fortune, E. J. Rubin, and C. M.
Sassetti. 2006. Characterization of mycobacterial virulence genes through
genetic interaction mapping. Proc. Natl. Acad. Sci. U. S. A 103:11760.
580. Fomukong, N. G., J. W. Dale, T. W. Osborn, and J. M. Grange. 1992. Use of
gene probes based on the insertion sequence IS986 to differentiate between
BCG vaccine strains. J. Appl. Bacteriol. 72:126.
581. Abou-Zeid, C., I. Smith, J. Grange, J. Steele, and G. Rook. 1986. Subdivision of
daughter strains of bacille Calmette-Guerin (BCG) according to secreted protein
patterns. J. Gen. Microbiol. 132:3047.
582. Davids, V., W. A. Hanekom, N. Mansoor, H. Gamieldien, S. J. Gelderbloem, A.
Hawkridge, G. D. Hussey, E. J. Hughes, J. Soler, R. A. Murray, S. R. Ress, and
G. Kaplan. 2006. The effect of bacille Calmette-Guerin vaccine strain and route
of administration on induced immune responses in vaccinated infants. J Infect.
Dis. 193:531.
583. Brandt, L., C. J. Feino, O. A. Weinreich, B. Chilima, P. Hirsch, R. Appelberg,
and P. Andersen. 2002. Failure of the Mycobacterium bovis BCG vaccine: some
species of environmental mycobacteria block multiplication of BCG and
induction of protective immunity to tuberculosis. Infect. Immun. 70:672.
584. Vipond, J., M. L. Cross, M. R. Lambeth, S. Clark, F. E. Aldwell, and A.
Williams. 2008. Immunogenicity of orally-delivered lipid-formulated BCG
vaccines and protection against Mycobacterium tuberculosis infection.
Microbes. Infect. 10:1577.
585. Palmer, M. V., T. C. Thacker, and W. R. Waters. 2009. Vaccination with
Mycobacterium bovis BCG Strains Danish and Pasteur in White-tailed Deer
(Odocoileus virginianus) Experimentally Challenged with Mycobacterium
bovis. Zoonoses. Public Health.
586. Diaz-Otero, F., J. Padilla, L. Jaramillo, D. Gonzalez, and C. Arriaga. 2008.
Evaluation of BCG vaccine and Mycobacterium bovis culture filtrate proteins
against bovine tuberculosis. Ann. N. Y. Acad. Sci. 1149:306.

227

587. Black, G. F., R. E. Weir, S. Floyd, L. Bliss, D. K. Warndorff, A. C. Crampin, B.
Ngwira, L. Sichali, B. Nazareth, J. M. Blackwell, K. Branson, S. D. Chaguluka,
L. Donovan, E. Jarman, E. King, P. E. Fine, and H. M. Dockrell. 2002. BCGinduced increase in interferon-gamma response to mycobacterial antigens and
efficacy of BCG vaccination in Malawi and the UK: two randomised controlled
studies. Lancet 359:1393.
588. Colditz, G. A., C. S. Berkey, F. Mosteller, T. F. Brewer, M. E. Wilson, E.
Burdick, and H. V. Fineberg. 1995. The efficacy of bacillus Calmette-Guerin
vaccination of newborns and infants in the prevention of tuberculosis: metaanalyses of the published literature. Pediatrics 96:29.
589. Brooks, J. V., A. A. Frank, M. A. Keen, J. T. Bellisle, and I. M. Orme. 2001.
Boosting vaccine for tuberculosis. Infect. Immun. 69:2714.
590. Ritz, N., W. A. Hanekom, R. Robins-Browne, W. J. Britton, and N. Curtis.
2008. Influence of BCG vaccine strain on the immune response and protection
against tuberculosis. FEMS Microbiol. Rev. 32:821.
591. Packe, G. E., and J. A. Innes. 1988. Protective effect of BCG vaccination in
infant Asians: a case-control study. Arch. Dis. Child 63:277.
592. Fine, P. E. 1995. Variation in protection by BCG: implications of and for
heterologous immunity. Lancet 346:1339.
593.

1996. Randomised controlled trial of single BCG, repeated BCG, or combined
BCG and killed Mycobacterium leprae vaccine for prevention of leprosy and
tuberculosis in Malawi. Karonga Prevention Trial Group. Lancet 348:17.

594. Ponnighaus, J. M., P. E. Fine, J. A. Sterne, R. J. Wilson, E. Msosa, P. J. Gruer,
P. A. Jenkins, S. B. Lucas, N. G. Liomba, and L. Bliss. 1992. Efficacy of BCG
vaccine against leprosy and tuberculosis in northern Malawi. Lancet 339:636.
595. Chilima, B. Z., I. M. Clark, S. Floyd, P. E. Fine, and P. R. Hirsch. 2006.
Distribution of environmental mycobacteria in Karonga District, northern
Malawi. Appl. Environ. Microbiol. 72:2343.
596. al-Kassimi, F. A., M. S. al-Hajjaj, I. O. al-Orainey, and E. A. Bamgboye. 1995.
Does the protective effect of neonatal BCG correlate with vaccine-induced
tuberculin reaction? Am. J. Respir. Crit Care Med. 152:1575.
597. Miceli, I., K. de, I, D. Colaiacovo, G. Peluffo, I. Cutillo, R. Gorra, R. Botta, S.
Hom, and H. G. ten Dam. 1988. Evaluation of the effectiveness of BCG
vaccination using the case-control method in Buenos Aires, Argentina. Int. J.
Epidemiol. 17:629.
598. Fine, P. E. 1989. The BCG story: lessons from the past and implications for the
future. Rev. Infect. Dis. 11 Suppl 2:S353-S359.

228

599. Baily, G. V. 1980. Tuberculosis prevention Trial, Madras. Indian J. Med. Res.
72 Suppl:1.
600. Palmer, C. E. 1952. BCG vaccination and tuberculin allergy. Lancet 1:935.
601. Palmer, C. E., and M. W. Long. 1966. Effects of infection with atypical
mycobacteria on BCG vaccination and tuberculosis. Am. Rev. Respir. Dis.
94:553.
602. Howard, C. J., L. S. Kwong, B. Villarreal-Ramos, P. Sopp, and J. C. Hope.
2002. Exposure to Mycobacterium avium primes the immune system of calves
for vaccination with Mycobacterium bovis BCG. Clin. Exp. Immunol. 130:190.
603. Flaherty, D. K., B. Vesosky, G. L. Beamer, P. Stromberg, and J. Turner. 2006.
Exposure to Mycobacterium avium can modulate established immunity against
Mycobacterium tuberculosis infection generated by Mycobacterium bovis BCG
vaccination. J. Leukoc. Biol. 80:1262.
604. Hook, S., F. Griffin, C. Mackintosh, and G. Buchan. 1996. Activation of an
interleukin-4 mRNA-producing population of peripheral blood mononuclear
cells after infection with Mycobacterium bovis or vaccination with killed, but
not live, BCG. Immunology 88:269.
605. Rook, G. A., R. Hernandez-Pando, K. Dheda, and S. G. Teng. 2004. IL-4 in
tuberculosis: implications for vaccine design. Trends Immunol. 25:483.
606. Edwards, L. B., F. A. Acquaviva, and V. T. Livesay. 1973. Identification of
tuberculous infected. Dual tests and density of reaction. Am. Rev. Respir. Dis.
108:1334.
607. Hernandez-Pando, R., L. Pavon, K. Arriaga, H. Orozco, V. Madrid-Marina, and
G. Rook. 1997. Pathogenesis of tuberculosis in mice exposed to low and high
doses of an environmental mycobacterial saprophyte before infection. Infect.
Immun. 65:3317.
608. Hart, P. D., I. Sutherland, and J. Thomas. The immunity cpmferred by effective
BCG and vole bacillus vaccines, in relation to individual variations in tuberculin
sensitivity and to techincal variations in the vaccines. Tubercle. 48:201.
609. van Pinxteren, L. A., J. P. Cassidy, B. H. Smedegaard, E. M. Agger, and P.
Andersen. 2000. Control of latent Mycobacterium tuberculosis infection is
dependent on CD8 T cells. Eur. J Immunol. 30:3689.
610. Umemura, M., H. Nishimura, K. Saito, T. Yajima, G. Matsuzaki, S. Mizuno, I.
Sugawara, and Y. Yoshikai. 2003. Interleukin-15 as an immune adjuvant to
increase the efficacy of Mycobacterium bovis bacillus Calmette-Guerin
vaccination. Infect. Immun. 71:6045.

229

611. Tsunetsugu-Yokota, Y., H. Tamura, M. Tachibana, K. Ogata, M. Honda, and T.
Takemori. 2002. Selective expansion of perforin-positive CD8+ T cells by
immature dendritic cells infected with live Bacillus Calmette-Guerin
mycobacteria. J Leukoc. Biol. 72:115.
612. Daugelat, S., C. H. Ladel, and S. H. Kaufmann. 1995. Influence of mouse strain
and vaccine viability on T-cell responses induced by Mycobacterium bovis
bacillus Calmette-Guerin. Infect. Immun. 63:2033.
613. Gheorghiu, M., M. Lagranderie, and A. M. Balazuc. 1996. Stabilisation of BCG
vaccines. Dev. Biol. Stand. 87:251.
614. Henning, S. J., and N. Kretchmer. 1973. Development of intestinal function in
mammals. Enzyme 15:3.
615. Muller-Schoop, J. W., and R. A. Good. 1975. Functional studies of Peyer's
patches: evidence for their participation in intestinal immune responses. J.
Immunol. 114:1757.
616. Orme, I. M. 1988. Induction of nonspecific acquired resistance and delayed-type
hypersensitivity, but not specific acquired resistance in mice inoculated with
killed mycobacterial vaccines. Infect. Immun. 56:3310.
617. Romain, F., J. Augier, P. Pescher, and G. Marchal. 1993. Isolation of a prolinerich mycobacterial protein eliciting delayed-type hypersensitivity reactions only
in guinea pigs immunized with living mycobacteria. Proc. Natl. Acad. Sci. U. S.
A 90:5322.
618. Esin, S., G. Batoni, G. Kallenius, H. Gaines, M. Campa, S. B. Svenson, R.
Andersson, and H. Wigzell. 1996. Proliferation of distinct human T cell subsets
in response to live, killed or soluble extracts of Mycobacterium tuberculosis and
Myco. avium. Clin. Exp. Immunol. 104:419.
619. Kaufmann, S. H., and J. Hess. 1999. Impact of intracellular location of and
antigen display by intracellular bacteria: implications for vaccine development.
Immunol. Lett. 65:81.
620. Lewinsohn, D. M., M. R. Alderson, A. L. Briden, S. R. Riddell, S. G. Reed, and
K. H. Grabstein. 1998. Characterization of human CD8+ T cells reactive with
Mycobacterium tuberculosis-infected antigen-presenting cells. J. Exp. Med.
187:1633.
621. Orme, I. M. 1998. The immunopathogenesis of tuberculosis: a new working
hypothesis. Trends Microbiol. 6:94.
622. Russell, D. G., S. Sturgill-Koszycki, T. Vanheyningen, H. Collins, and U. E.
Schaible. 1997. Why intracellular parasitism need not be a degrading experience
for Mycobacterium. Philos. Trans. R. Soc. Lond B Biol. Sci. 352:1303.

230

623. Xu, S., A. Cooper, S. Sturgill-Koszycki, H. T. van, D. Chatterjee, I. Orme, P.
Allen, and D. G. Russell. 1994. Intracellular trafficking in Mycobacterium
tuberculosis and Mycobacterium avium-infected macrophages. J. Immunol.
153:2568.
624. Beatty, W. L., E. R. Rhoades, H. J. Ullrich, D. Chatterjee, J. E. Heuser, and D.
G. Russell. 2000. Trafficking and release of mycobacterial lipids from infected
macrophages. Traffic. 1:235.
625. Aldwell, F. E., B. L. Dicker, F. M. da Silva Tatley, M. F. Cross, S. Liggett, C.
G. Mackintosh, and J. F. Griffin. 2000. Mycobacterium bovis-infected cervine
alveolar macrophages secrete lymphoreactive lipid antigens. Infect. Immun.
68:7003.
626. Rhoades, E., F. Hsu, J. B. Torrelles, J. Turk, D. Chatterjee, and D. G. Russell.
2003. Identification and macrophage-activating activity of glycolipids released
from intracellular Mycobacterium bovis BCG. Mol. Microbiol. 48:875.
627. Porcelli, S., C. T. Morita, and M. B. Brenner. 1992. CD1b restricts the response
of human CD4-8- T lymphocytes to a microbial antigen. Nature 360:593.
628. Sieling, P. A., D. Chatterjee, S. A. Porcelli, T. I. Prigozy, R. J. Mazzaccaro, T.
Soriano, B. R. Bloom, M. B. Brenner, M. Kronenberg, P. J. Brennan, and .
1995. CD1-restricted T cell recognition of microbial lipoglycan antigens.
Science 269:227.
629. Beckman, E. M., A. Melian, S. M. Behar, P. A. Sieling, D. Chatterjee, S. T.
Furlong, R. Matsumoto, J. P. Rosat, R. L. Modlin, and S. A. Porcelli. 1996.
CD1c restricts responses of mycobacteria-specific T cells. Evidence for antigen
presentation by a second member of the human CD1 family. J. Immunol.
157:2795.
630. Beckman, E. M., S. A. Porcelli, C. T. Morita, S. M. Behar, S. T. Furlong, and
M. B. Brenner. 1994. Recognition of a lipid antigen by CD1-restricted alpha
beta+ T cells. Nature 372:691.
631. Stenger, S., R. J. Mazzaccaro, K. Uyemura, S. Cho, P. F. Barnes, J. P. Rosat, A.
Sette, M. B. Brenner, S. A. Porcelli, B. R. Bloom, and R. L. Modlin. 1997.
Differential effects of cytolytic T cell subsets on intracellular infection. Science
276:1684.
632. evolo-de-Andrade, T. C., R. Monteiro-Maia, C. Cosgrove, and L. R. CastelloBranco. 2005. BCG Moreau Rio de Janeiro: an oral vaccine against
tuberculosis--review. Mem. Inst. Oswaldo Cruz 100:459.
633. Blancher, G., F. Cohen, R. Corbin, and J. Falconnier. 1968. [Cervical adenitis
due to BCG. Problem of vaccination by oral route]. Bull. Mem. Soc. Med. Hop.
Paris 119:1003.
231

634. Aldwell, F. E., D. L. Keen, N. A. Parlane, M. A. Skinner, G. W. de Lisle, and B.
M. Buddle. 2003. Oral vaccination with Mycobacterium bovis BCG in a lipid
formulation induces resistance to pulmonary tuberculosis in brushtail possums.
Vaccine 22:70.
635. Aldwell, F. E., I. G. Tucker, G. W. de Lisle, and B. M. Buddle. 2003. Oral
delivery of Mycobacterium bovis BCG in a lipid formulation induces resistance
to pulmonary tuberculosis in mice. Infect. Immun. 71:101.
636. Buddle, B. M., F. E. Aldwell, D. L. Keen, N. A. Parlane, G. Yates, and G. W. de
Lisle. 1997. Intraduodenal vaccination of brushtail possums with bacille
Calmette-Guerin enhances immune responses and protection against
Mycobacterium bovis infection. Int. J. Tuberc. Lung Dis. 1:377.
637. Aldwell, F. E., M. A. Baird, C. E. Fitzpatrick, A. D. McLellan, M. L. Cross, M.
R. Lambeth, and G. S. Buchan. 2005. Oral vaccination of mice with lipidencapsulated Mycobacterium bovis BCG: anatomical sites of bacterial
replication and immune activity. Immunol. Cell Biol. 83:549.
638. McGhee, J. R., J. Xu-Amano, C. J. Miller, R. J. Jackson, K. Fujihashi, H. F.
Staats, and H. Kiyono. 1994. The common mucosal immune system: from basic
principles to enteric vaccines with relevance for the female reproductive tract.
Reprod. Fertil. Dev. 6:369.
639. Russell-Jones, G. J. 2000. Oral vaccine delivery. J. Control Release 65:49.
640. Staats, H. F., R. J. Jackson, M. Marinaro, I. Takahashi, H. Kiyono, and J. R.
McGhee. 1994. Mucosal immunity to infection with implications for vaccine
development. Curr. Opin. Immunol. 6:572.
641. Lagranderie, M. R., A. M. Balazuc, E. Deriaud, C. D. Leclerc, and M.
Gheorghiu. 1996. Comparison of immune responses of mice immunized with
five different Mycobacterium bovis BCG vaccine strains. Infect. Immun. 64:1.
642. Lagranderie, M., P. Chavarot, A. M. Balazuc, and G. Marchal. 2000.
Immunogenicity and protective capacity of Mycobacterium bovis BCG after
oral or intragastric administration in mice. Vaccine 18:1186.
643. Carey, M. C., D. M. Small, and C. M. Bliss. 1983. Lipid digestion and
absorption. Annu. Rev. Physiol 45:651.
644. Charman, W. N., C. J. Porter, S. Mithani, and J. B. Dressman. 1997.
Physiochemical and physiological mechanisms for the effects of food on drug
absorption: the role of lipids and pH. J. Pharm. Sci. 86:269.
645. Lowe, M. E., M. H. Kaplan, L. Jackson-Grusby, D. D'Agostino, and M. J.
Grusby. 1998. Decreased neonatal dietary fat absorption and T cell cytotoxicity
in pancreatic lipase-related protein 2-deficient mice. J. Biol. Chem. 273:31215.

232

646. Jandacek, R. J., J. J. Kester, A. J. Papa, T. J. Wehmeier, and P. Y. Lin. 1999.
Olestra formulation and the gastrointestinal tract. Lipids 34:771.
647. Aldwell, F. E., D. L. Keen, N. A. Parlane, M. A. Skinner, G. W. de Lisle, and B.
M. Buddle. 2003. Oral vaccination with Mycobacterium bovis BCG in a lipid
formulation induces resistance to pulmonary tuberculosis in brushtail possums.
Vaccine 22:70.
648. Aldwell, F. E., M. A. Baird, C. E. Fitzpatrick, A. D. McLellan, M. L. Cross, M.
R. Lambeth, and G. S. Buchan. 2005. Oral vaccination of mice with lipidencapsulated Mycobacterium bovis BCG: anatomical sites of bacterial
replication and immune activity. Immunol Cell Biol 83:549.
649. Aldwell, F. E., M. L. Cross, C. E. Fitzpatrick, M. R. Lambeth, G. W. de Lisle,
and B. M. Buddle. 2006. Oral delivery of lipid-encapsulated Mycobacterium
bovis BCG extends survival of the bacillus in vivo and induces a long-term
protective immune response against tuberculosis. Vaccine 24:2071.
650. Aldwell, F. E., I. G. Tucker, G. W. de Lisle, and B. M. Buddle. 2003. Oral
delivery of Mycobacterium bovis BCG in a lipid formulation induces resistance
to pulmonary tuberculosis in mice. Infect. Immun. 71:101.
651. Aldwell, F. E., I. G. Tucker, G. W. de Lisle, and B. M. Buddle. 2003. Oral
delivery of Mycobacterium bovis BCG in a lipid formulation induces resistance
to pulmonary tuberculosis in mice. Infect. Immun. 71:101.
652. Aldwell, F. E., L. Brandt, C. Fitzpatrick, and I. M. Orme. 2005. Mice fed lipidencapsulated Mycobacterium bovis BCG are protected against aerosol challenge
with Mycobacterium tuberculosis. Infect. Immun. 73:1903.
653. Buddle, B. M., F. E. Aldwell, M. A. Skinner, G. W. de Lisle, M. Denis, H. M.
Vordermeier, R. G. Hewinson, and D. N. Wedlock. 2005. Effect of oral
vaccination of cattle with lipid-formulated BCG on immune responses and
protection against bovine tuberculosis. Vaccine 23:3581.
654. Buddle, B. M., M. Denis, F. E. Aldwell, V. H. Martin, H. R. Glyn, and W. D.
Neil. 2008. Vaccination of cattle with Mycobacterium bovis BCG by a
combination of systemic and oral routes. Tuberculosis. (Edinb. ) 88:595.
655. Nol, P., M. V. Palmer, W. R. Waters, F. E. Aldwell, B. M. Buddle, J. M.
Triantis, L. M. Linke, G. E. Phillips, T. C. Thacker, J. C. Rhyan, M. R. Dunbar,
and M. D. Salman. 2008. Efficacy of oral and parenteral routes of
Mycobacterium bovis bacille Calmette-Guerin vaccination against experimental
bovine tuberculosis in white-tailed deer (Odocoileus virginianus): a feasibility
study. J. Wildl. Dis. 44:247.

233

656. Cooper, A. M., D. K. Dalton, T. A. Stewart, J. P. Griffin, D. G. Russell, and I.
M. Orme. 1993. Disseminated tuberculosis in interferon gamma gene-disrupted
mice. J. Exp. Med. 178:2243.
657. Aujla, S. J., P. J. Dubin, and J. K. Kolls. 2007. Interleukin-17 in pulmonary host
defense. Exp. Lung Res. 33:507.
658. Umemura, M., A. Yahagi, S. Hamada, M. D. Begum, H. Watanabe, K.
Kawakami, T. Suda, K. Sudo, S. Nakae, Y. Iwakura, and G. Matsuzaki. 2007.
IL-17-mediated regulation of innate and acquired immune response against
pulmonary Mycobacterium bovis bacille Calmette-Guerin infection. J Immunol.
178:3786.
659. Dorer, D. E., W. Czepluch, M. R. Lambeth, A. C. Dunn, C. Reitinger, F. E.
Aldwell, and A. D. McLellan. 2007. Lymphatic tracing and T cell responses
following oral vaccination with live Mycobacterium bovis (BCG). Cell
Microbiol. 9:544.
660. Luo, Y., A. Szilvasi, X. Chen, W. C. DeWolf, and M. A. O'Donnell. 1996. A
novel method for monitoring Mycobacterium bovis BCG trafficking with
recombinant BCG expressing green fluorescent protein. Clin. Diagn. Lab
Immunol. 3:761.
661. Dunn, T. B. 1954. Normal and pathologic anatomy of the reticular tissue in
laboratory mice, with a classification and discussion of neoplasms. J. Natl.
Cancer Inst. 14:1281.
662. de Man, J. C. 1983. MPN tables corrected., pp. 301.
663. Miura, K., S. Nagai, M. Kinomoto, S. Haga, and T. Tokunaga. 1983.
Comparative studies with various substrains of Mycobacterium bovis BCG on
the production of an antigenic protein, MPB70. Infect. Immun. 39:540.
664. Launois, P., R. DeLeys, M. N. Niang, A. Drowart, M. Andrien, P. Dierckx, J. L.
Cartel, J. L. Sarthou, J. P. Van Vooren, and K. Huygen. 1994. T-cell-epitope
mapping of the major secreted mycobacterial antigen Ag85A in tuberculosis and
leprosy. Infect. Immun. 62:3679.
665. Huygen, K., D. Abramowicz, P. Vandenbussche, F. Jacobs, B. J. De, A. Kentos,
A. Drowart, J. P. Van Vooren, and M. Goldman. 1992. Spleen cell cytokine
secretion in Mycobacterium bovis BCG-infected mice. Infect. Immun. 60:2880.
666. [no authors listed]. 2008. Amikacin. Tuberculosis. (Edinb. ) 88:87.
667. Brouqui, P., and D. Raoult. 1992. In vitro antibiotic susceptibility of the newly
recognized agent of ehrlichiosis in humans, Ehrlichia chaffeensis. Antimicrob.
Agents Chemother. 36:2799.

234

668. Bonventre, P. F., R. Hayes, and J. Imhoff. 1967. Autoradiographic evidence for
the impermeability of mouse peritoneal macrophages to tritiated streptomycin.
J. Bacteriol. 93:445.
669. Young, S. L., L. Slobbe, R. Wilson, B. M. Buddle, G. W. de Lisle, and G. S.
Buchan. 2007. Environmental strains of Mycobacterium avium interfere with
immune responses associated with Mycobacterium bovis BCG vaccination.
Infect. Immun. 75:2833.
670. Anuchin, A. M., A. L. Mulyukin, N. E. Suzina, V. I. Duda, G. I. El-Registan,
and A. S. Kaprelyants. 2009. Dormant forms of Mycobacterium smegmatis with
distinct morphology. Microbiology 155:1071.
671. Biketov, S., G. V. Mukamolova, V. Potapov, E. Gilenkov, G. Vostroknutova, D.
B. Kell, M. Young, and A. S. Kaprelyants. 2000. Culturability of
Mycobacterium tuberculosis cells isolated from murine macrophages: a
bacterial growth factor promotes recovery. FEMS Immunol. Med. Microbiol.
29:233.
672. Kuai, L., A. A. Nair, and M. F. Polz. 2001. Rapid and simple method for the
most-probable-number estimation of arsenic-reducing bacteria. Appl. Environ.
Microbiol. 67:3168.
673. Wilton, S., and D. Cousins. 1992. Detection and identification of multiple
mycobacterial pathogens by DNA amplification in a single tube. PCR Methods
Appl. 1:269.
674. Talbot, E. A., D. L. Williams, and R. Frothingham. 1997. PCR identification of
Mycobacterium bovis BCG. J. Clin. Microbiol. 35:566.
675. Buddle, B. M., F. E. Aldwell, M. A. Skinner, G. W. de Lisle, M. Denis, H. M.
Vordermeier, R. G. Hewinson, and D. N. Wedlock. 2005. Effect of oral
vaccination of cattle with lipid-formulated BCG on immune responses and
protection against bovine tuberculosis. Vaccine 23:3581.
676. Cooper, J. A. 1987. Effects of cytochalasin and phalloidin on actin. J. Cell Biol.
105:1473.
677. DeFife, K. M., C. R. Jenney, E. Colton, and J. M. Anderson. 1999. Disruption
of filamentous actin inhibits human macrophage fusion. FASEB J. 13:823.
678. TOYOHARA, M., S. KUDOH, and Y. OBAYASHI. 1959. Studies on the effect
of isoniazid upon the antituberculous immunity induced by BCG vaccination.
Tubercle. 40:184.
679. Olsen, A. W., L. Brandt, E. M. Agger, L. A. van Pinxteren, and P. Andersen.
2004. The influence of remaining live BCG organisms in vaccinated mice on
the maintenance of immunity to tuberculosis. Scand. J. Immunol. 60:273.

235

680. Smith, D. W., and E. H. Wiegeshaus. 1989. What animal models can teach us
about the pathogenesis of tuberculosis in humans. Rev. Infect. Dis. 11 Suppl
2:S385-S393.
681. Edwards, M. L., J. M. Goodrich, D. Muller, A. Pollack, J. E. Ziegler, and D. W.
Smith. 1982. Infection with Mycobacterium avium-intracellulare and the
protective effects of Bacille Calmette-Guerin. J. Infect. Dis. 145:733.
682. Sztein, M. B., S. S. Wasserman, C. O. Tacket, R. Edelman, D. Hone, A. A.
Lindberg, and M. M. Levine. 1994. Cytokine production patterns and
lymphoproliferative responses in volunteers orally immunized with attenuated
vaccine strains of Salmonella typhi. J. Infect. Dis. 170:1508.
683. Mills, K. H., C. Cosgrove, E. A. McNeela, A. Sexton, R. Giemza, I. Jabbal-Gill,
A. Church, W. Lin, L. Illum, A. Podda, R. Rappuoli, M. Pizza, G. E. Griffin,
and D. J. Lewis. 2003. Protective levels of diphtheria-neutralizing antibody
induced in healthy volunteers by unilateral priming-boosting intranasal
immunization associated with restricted ipsilateral mucosal secretory
immunoglobulin a. Infect. Immun. 71:726.
684. Lagranderie, M., A. M. Balazuc, B. Gicquel, and M. Gheorghiu. 1997. Oral
immunization with recombinant Mycobacterium bovis BCG simian
immunodeficiency virus nef induces local and systemic cytotoxic T-lymphocyte
responses in mice. J. Virol. 71:2303.
685. Lotte, A., O. Wasz-Hockert, N. Poisson, N. Dumitrescu, M. Verron, and E.
Couvet. 1984. BCG complications. Estimates of the risks among vaccinated
subjects and statistical analysis of their main characteristics. Adv. Tuberc. Res.
21:107.
686. Falero-Diaz, G., S. Challacombe, D. Banerjee, G. Douce, A. Boyd, and J.
Ivanyi. 2000. Intranasal vaccination of mice against infection with
Mycobacterium tuberculosis. Vaccine 18:3223.
687. Ajdary, S., F. Dobakhti, M. Taghikhani, F. Riazi-Rad, S. Rafiei, and M. RafieeTehrani. 2007. Oral administration of BCG encapsulated in alginate
microspheres induces strong Th1 response in BALB/c mice. Vaccine 25:4595.
688. Bumann, D. 2002. Examination of Salmonella gene expression in an infected
mammalian host using the green fluorescent protein and two-colour flow
cytometry. Mol. Microbiol. 43:1269.
689. Pullinger, G. D., S. M. Paulin, B. Charleston, P. R. Watson, A. J. Bowen, F.
Dziva, E. Morgan, B. Villarreal-Ramos, T. S. Wallis, and M. P. Stevens. 2007.
Systemic translocation of Salmonella enterica serovar Dublin in cattle occurs
predominantly via efferent lymphatics in a cell-free niche and requires type III
secretion system 1 (T3SS-1) but not T3SS-2. Infect. Immun. 75:5191.

236

690. Wedlock, D. N., F. E. Aldwell, D. Keen, M. A. Skinner, and B. M. Buddle.
2005. Oral vaccination of brushtail possums (Tichosurus vulpecula) with BCG:
immune responses, persistence of BCG in lymphoid organs and excretion in
faeces. N. Z. Vet. J 53:301.
691. Demangel, C., T. Garnier, I. Rosenkrands, and S. T. Cole. 2005. Differential
effects of prior exposure to environmental mycobacteria on vaccination with
Mycobacterium bovis BCG or a recombinant BCG strain expressing RD1
antigens. Infect. Immun. 73:2190.
692. Sleeman, J. M., E. J. Manning, J. H. Rohm, J. P. Sims, S. Sanchez, R. W.
Gerhold, and M. K. Keel. 2009. Johne's disease in a free-ranging white-tailed
deer from Virginia and subsequent surveillance for Mycobacterium avium
subspecies paratuberculosis. J. Wildl. Dis. 45:201.
693. Hopkins, S. A., F. Niedergang, I. E. Corthesy-Theulaz, and J. P. Kraehenbuhl.
2000. A recombinant Salmonella typhimurium vaccine strain is taken up and
survives within murine Peyer's patch dendritic cells. Cell Microbiol. 2:59.
694. Rabinowitz, S. S., and S. Gordon. 1991. Macrosialin, a macrophage-restricted
membrane sialoprotein differentially glycosylated in response to inflammatory
stimuli. J. Exp. Med. 174:827.
695. Ezekowitz, R. A., and S. Gordon. 1982. Down-regulation of mannosyl receptormediated endocytosis and antigen F4/80 in bacillus Calmette-Guerin-activated
mouse macrophages. Role of T lymphocytes and lymphokines. J. Exp. Med.
155:1623.
696. Wolf, A. J., B. Linas, G. J. Trevejo-Nunez, E. Kincaid, T. Tamura, K. Takatsu,
and J. D. Ernst. 2007. Mycobacterium tuberculosis infects dendritic cells with
high frequency and impairs their function in vivo. J Immunol. 179:2509.
697. Gonzalez-Juarrero, M., and I. M. Orme. 2001. Characterization of murine lung
dendritic cells infected with Mycobacterium tuberculosis. Infect. Immun.
69:1127.
698. D'Avila, H., N. R. Roque, R. M. Cardoso, H. C. Castro-Faria-Neto, R. C. Melo,
and P. T. Bozza. 2008. Neutrophils recruited to the site of Mycobacterium bovis
BCG infection undergo apoptosis and modulate lipid body biogenesis and
prostaglandin E production by macrophages. Cell Microbiol. 10:2589.
699. Turner, J., A. A. Frank, J. V. Brooks, M. Gonzalez-Juarrero, and I. M. Orme.
2001. The progression of chronic tuberculosis in the mouse does not require the
participation of B lymphocytes or interleukin-4. Exp. Gerontol. 36:537.
700. Tjarnlund, A., A. Rodriguez, P. J. Cardona, E. Guirado, J. Ivanyi, M. Singh, M.
Troye-Blomberg, and C. Fernandez. 2006. Polymeric IgR knockout mice are

237

more susceptible to mycobacterial infections in the respiratory tract than wildtype mice. Int. Immunol. 18:807.
701. Andersen, C. S., J. Dietrich, E. M. Agger, N. Y. Lycke, K. Lovgren, and P.
Andersen. 2007. The combined CTA1-DD/ISCOMs vector is an effective
intranasal adjuvant for boosting prior Mycobacterium bovis BCG immunity to
Mycobacterium tuberculosis. Infect. Immun. 75:408.
702. Brown, C. A., P. Draper, and P. D. Hart. 1969. Mycobacteria and lysosomes: a
paradox. Nature 221:658.
703. Wayne, L. G. 1994. Dormancy of Mycobacterium tuberculosis and latency of
disease. Eur. J. Clin. Microbiol. Infect. Dis. 13:908.
704. Nyka, W. 1974. Studies on the effect of starvation on mycobacteria. Infect.
Immun. 9:843.
705. Betts, J. C., P. T. Lukey, L. C. Robb, R. A. McAdam, and K. Duncan. 2002.
Evaluation of a nutrient starvation model of Mycobacterium tuberculosis
persistence by gene and protein expression profiling. Mol. Microbiol. 43:717.
706. Honer Zu, B. K., A. Miczak, D. L. Swenson, and D. G. Russell. 1999.
Characterization of activity and expression of isocitrate lyase in Mycobacterium
avium and Mycobacterium tuberculosis. J. Bacteriol. 181:7161.
707. Hampshire, T., S. Soneji, J. Bacon, B. W. James, J. Hinds, K. Laing, R. A.
Stabler, P. D. Marsh, and P. D. Butcher. 2004. Stationary phase gene expression
of Mycobacterium tuberculosis following a progressive nutrient depletion: a
model for persistent organisms? Tuberculosis. (Edinb. ) 84:228.
708. Calder, P. C. 2008. The relationship between the fatty acid composition of
immune cells and their function. Prostaglandins Leukot. Essent. Fatty Acids
79:101.
709. McKinney, J. D., B. K. Honer Zu, E. J. Munoz-Elias, A. Miczak, B. Chen, W.
T. Chan, D. Swenson, J. C. Sacchettini, W. R. Jacobs, Jr., and D. G. Russell.
2000. Persistence of Mycobacterium tuberculosis in macrophages and mice
requires the glyoxylate shunt enzyme isocitrate lyase. Nature 406:735.
710. Russell, D. G. 2001. Mycobacterium tuberculosis: here today, and here
tomorrow. Nat. Rev. Mol. Cell Biol. 2:569.
711. Lamb, D. C., D. E. Kelly, N. J. Manning, and S. L. Kelly. 1998. A sterol
biosynthetic pathway in Mycobacterium. FEBS Lett. 437:142.
712. Pandey, A. K., and C. M. Sassetti. 2008. Mycobacterial persistence requires the
utilization of host cholesterol. Proc. Natl. Acad. Sci. U. S. A 105:4376.

238

713. Van der, G. R., K. Yam, T. Heuser, M. H. Wilbrink, H. Hara, M. C. Anderton,
E. Sim, L. Dijkhuizen, J. E. Davies, W. W. Mohn, and L. D. Eltis. 2007. A gene
cluster encoding cholesterol catabolism in a soil actinomycete provides insight
into Mycobacterium tuberculosis survival in macrophages. Proc. Natl. Acad.
Sci. U. S. A 104:1947.
714. Av-Gay, Y., and R. Sobouti. 2000. Cholesterol is accumulated by mycobacteria
but its degradation is limited to non-pathogenic fast-growing mycobacteria.
Can. J. Microbiol. 46:826.
715. Beste, D. J., J. Peters, T. Hooper, C. vignone-Rossa, M. E. Bushell, and J.
McFadden. 2005. Compiling a molecular inventory for Mycobacterium bovis
BCG at two growth rates: evidence for growth rate-mediated regulation of
ribosome biosynthesis and lipid metabolism. J. Bacteriol. 187:1677.
716. Smeulders, M. J., J. Keer, R. A. Speight, and H. D. Williams. 1999. Adaptation
of Mycobacterium smegmatis to stationary phase. J. Bacteriol. 181:270.
717. Chan, E. 2003. Pyramizinamide, ethambutol, and aminoglycosides., pp. 773.
718.

2008. Amikacin. Tuberculosis. (Edinb. ) 88:87.

719. Bonventre, P. F., and J. G. Imhoff. 1970. Uptake of H-Dihydrostreptomycin by
Macrophages in Culture. Infect. Immun. 2:89.
720. Patterson, R. J., and G. P. Youmans. 1970. Multiplication of Mycobacterium
tuberculosis Within Normal and "Immune" Mouse Macrophages Cultivated
With and Without Streptomycin. Infect. Immun. 1:30.
721. Parrish, N. M., J. D. Dick, and W. R. Bishai. 1998. Mechanisms of latency in
Mycobacterium tuberculosis. Trends Microbiol. 6:107.
722. McCune, R. M., F. M. Feldmann, H. P. Lambert, and W. McDermott. 1966.
Microbial persistence. I. The capacity of tubercle bacilli to survive sterilization
in mouse tissues. J. Exp. Med. 123:445.
723. Vandiviere, H. M., W. E. Loring, I. Melvin, and S. Willis. 1956. The treated
pulmonary lesion and its tubercle bacillus. II. The death and resurrection. Am. J.
Med. Sci. 232:30.
724. Wayne, L. G., and H. A. Sramek. 1994. Metronidazole is bactericidal to
dormant cells of Mycobacterium tuberculosis. Antimicrob. Agents Chemother.
38:2054.
725. Klinkenberg, L. G., L. A. Sutherland, W. R. Bishai, and P. C. Karakousis. 2008.
Metronidazole lacks activity against Mycobacterium tuberculosis in an in vivo
hypoxic granuloma model of latency. J. Infect. Dis. 198:275.

239

726. Gomez, J. E., and J. D. McKinney. 2004. M. tuberculosis persistence, latency,
and drug tolerance. Tuberculosis. (Edinb. ) 84:29.
727. Devadoss, P., M. Klegerman, and M. Groves. 1991. A scanning electron
microscope study of mycobacterial developmental stages in ceommercial BCG
vaccines., pp. 247.
728. Verbelen, C., V. Dupres, F. D. Menozzi, D. Raze, A. R. Baulard, P. Hols, and
Y. F. Dufrene. 2006. Ethambutol-induced alterations in Mycobacterium bovis
BCG imaged by atomic force microscopy. FEMS Microbiol. Lett. 264:192.
729. Boshoff, H. I., and C. E. Barry, III. 2005. Tuberculosis - metabolism and
respiration in the absence of growth. Nat. Rev. Microbiol. 3:70.
730. Carrasco, Y. R., and F. D. Batista. 2007. B cells acquire particulate antigen in a
macrophage-rich area at the boundary between the follicle and the subcapsular
sinus of the lymph node. Immunity. 27:160.
731. Velazquez, P., J. C. Waite, and M. L. Dustin. 2007. Dynamics of host defense:
the view at the front lines. Nat. Immunol. 8:1153.
732. Ohtani, O., and Y. Ohtani. 2008. Structure and function of rat lymph nodes.
Arch. Histol. Cytol. 71:69.
733. Junt, T., E. A. Moseman, M. Iannacone, S. Massberg, P. A. Lang, M. Boes, K.
Fink, S. E. Henrickson, D. M. Shayakhmetov, N. C. Di Paolo, R. N. van, T. R.
Mempel, S. P. Whelan, and U. H. von Andrian. 2007. Subcapsular sinus
macrophages in lymph nodes clear lymph-borne viruses and present them to
antiviral B cells. Nature 450:110.
734. Ojha, A. K., T. K. Mukherjee, and D. Chatterji. 2000. High intracellular level of
guanosine tetraphosphate in Mycobacterium smegmatis changes the
morphology of the bacterium. Infect. Immun. 68:4084.
735. Boshoff HI, and C. E. Barry, III. 2006. Is the mycobacterial cell wall a hopeless
drug target for latent tuberculosis?, pp. 237.
736. Primm, T. P., S. J. Andersen, V. Mizrahi, D. Avarbock, H. Rubin, and C. E.
Barry, III. 2000. The stringent response of Mycobacterium tuberculosis is
required for long-term survival. J. Bacteriol. 182:4889.
737. Deb, C., C. M. Lee, V. S. Dubey, J. Daniel, B. Abomoelak, T. D. Sirakova, S.
Pawar, L. Rogers, and P. E. Kolattukudy. 2009. A novel in vitro multiple-stress
dormancy model for Mycobacterium tuberculosis generates a lipid-loaded,
drug-tolerant, dormant pathogen. PLoS. One. 4:e6077.
738. Mukamolova, G. V., A. S. Kaprelyants, D. I. Young, M. Young, and D. B. Kell.
1998. A bacterial cytokine. Proc. Natl. Acad. Sci. U. S. A 95:8916.

240

739. Tufariello, J. M., W. R. Jacobs, Jr., and J. Chan. 2004. Individual
Mycobacterium tuberculosis resuscitation-promoting factor homologues are
dispensable for growth in vitro and in vivo. Infect. Immun. 72:515.
740. Shleeva, M., G. V. Mukamolova, M. Young, H. D. Williams, and A. S.
Kaprelyants. 2004. Formation of 'non-culturable' cells of Mycobacterium
smegmatis in stationary phase in response to growth under suboptimal
conditions and their Rpf-mediated resuscitation. Microbiology 150:1687.
741. Ghosh, J., P. Larsson, B. Singh, B. M. Pettersson, N. M. Islam, S. N. Sarkar, S.
Dasgupta, and L. A. Kirsebom. 2009. Sporulation in mycobacteria. Proc. Natl.
Acad. Sci. U. S. A 106:10781.
742. Shleeva, M. O., K. Bagramyan, M. V. Telkov, G. V. Mukamolova, M. Young,
D. B. Kell, and A. S. Kaprelyants. 2002. Formation and resuscitation of 'nonculturable' cells of Rhodococcus rhodochrous and Mycobacterium tuberculosis
in prolonged stationary phase., pp. 1581.
743. Kasahara, K., I. Sato, K. Ogura, H. Takeuchi, K. Kobayashi, and M. Adachi.
1998. Expression of chemokines and induction of rapid cell death in human
blood neutrophils by Mycobacterium tuberculosis. J. Infect. Dis. 178:127.
744. Bocchino, M., D. Galati, A. Sanduzzi, V. Colizzi, E. Brunetti, and G. Mancino.
2005. Role of mycobacteria-induced monocyte/macrophage apoptosis in the
pathogenesis of human tuberculosis. Int. J. Tuberc. Lung Dis. 9:375.
745. Keane, J., H. G. Remold, and H. Kornfeld. 2000. Virulent Mycobacterium
tuberculosis strains evade apoptosis of infected alveolar macrophages. J.
Immunol. 164:2016.
746. Yrlid, U., and M. J. Wick. 2000. Salmonella-induced apoptosis of infected
macrophages results in presentation of a bacteria-encoded antigen after uptake
by bystander dendritic cells. J. Exp. Med. 191:613.
747. Jiao, X., R. Lo-Man, P. Guermonprez, L. Fiette, E. Deriaud, S. Burgaud, B.
Gicquel, N. Winter, and C. Leclerc. 2002. Dendritic cells are host cells for
mycobacteria in vivo that trigger innate and acquired immunity. J. Immunol.
168:1294.
748. Pancholi, P., A. Mirza, N. Bhardwaj, and R. M. Steinman. 1993. Sequestration
from immune CD4+ T cells of mycobacteria growing in human macrophages.
Science 260:984.
749. Gercken, J., J. Pryjma, M. Ernst, and H. D. Flad. 1994. Defective antigen
presentation by Mycobacterium tuberculosis-infected monocytes. Infect. Immun.
62:3472.

241

750. Noss, E. H., C. V. Harding, and W. H. Boom. 2000. Mycobacterium
tuberculosis inhibits MHC class II antigen processing in murine bone marrow
macrophages. Cell Immunol. 201:63.
751. Stenger, S., K. R. Niazi, and R. L. Modlin. 1998. Down-regulation of CD1 on
antigen-presenting cells by infection with Mycobacterium tuberculosis. J.
Immunol. 161:3582.
752. Garrigan, K., P. Moroni-Rawson, C. McMurray, I. Hermans, N. Abernethy, J.
Watson, and F. Ronchese. 1996. Functional comparison of spleen dendritic cells
and dendritic cells cultured in vitro from bone marrow precursors. Blood
88:3508.
753. van Faassen, H., R. Dudani, L. Krishnan, and S. Sad. 2004. Prolonged antigen
presentation, APC-, and CD8+ T cell turnover during mycobacterial infection:
comparison with Listeria monocytogenes. J Immunol 172:3491.
754. Iezzi, G., A. Frohlich, B. Ernst, F. Ampenberger, S. Saeland, N. Glaichenhaus,
and M. Kopf. 2006. Lymph node resident rather than skin-derived dendritic
cells initiate specific T cell responses after Leishmania major infection. J.
Immunol. 177:1250.
755. Pooley, J. L., W. R. Heath, and K. Shortman. 2001. Cutting edge: intravenous
soluble antigen is presented to CD4 T cells by CD8- dendritic cells, but crosspresented to CD8 T cells by CD8+ dendritic cells. J. Immunol. 166:5327.
756. Ganguly, N., I. Siddiqui, and P. Sharma. 2008. Role of M. tuberculosis RD-1
region encoded secretory proteins in protective response and virulence.
Tuberculosis. (Edinb. ) 88:510.
757. Wiker, H. G. 2009. MPB70 and MPB83--major antigens of Mycobacterium
bovis. Scand. J. Immunol. 69:492.
758. Rhoades, E. R., R. E. Geisel, B. A. Butcher, S. McDonough, and D. G. Russell.
2005. Cell wall lipids from Mycobacterium bovis BCG are inflammatory when
inoculated within a gel matrix: characterization of a new model of the
granulomatous response to mycobacterial components. Tuberculosis. (Edinb. )
85:159.
759. Geisel, R. E., K. Sakamoto, D. G. Russell, and E. R. Rhoades. 2005. In vivo
activity of released cell wall lipids of Mycobacterium bovis bacillus CalmetteGuerin is due principally to trehalose mycolates. J. Immunol. 174:5007.
760. Flynn, J. L., M. M. Goldstein, K. J. Triebold, B. Koller, and B. R. Bloom. 1992.
Major histocompatibility complex class I-restricted T cells are required for
resistance to Mycobacterium tuberculosis infection. Proc. Natl. Acad. Sci. U. S.
A 89:12013.

242

761. Mogues, T., M. E. Goodrich, L. Ryan, R. LaCourse, and R. J. North. 2001. The
relative importance of T cell subsets in immunity and immunopathology of
airborne Mycobacterium tuberculosis infection in mice. J. Exp. Med. 193:271.
762. Cooper, A. M., J. Magram, J. Ferrante, and I. M. Orme. 1997. Interleukin 12
(IL-12) is crucial to the development of protective immunity in mice
intravenously infected with mycobacterium tuberculosis. J. Exp. Med. 186:39.
763. Fulton, S. A., T. D. Martin, R. W. Redline, and B. W. Henry. 2000. Pulmonary
immune responses during primary mycobacterium bovis- Calmette-Guerin
bacillus infection in C57Bl/6 mice. Am. J. Respir. Cell Mol. Biol. 22:333.
764. Silva, C. L., V. L. Bonato, V. M. Lima, L. H. Faccioli, and S. C. Leao. 1999.
Characterization of the memory/activated T cells that mediate the long-lived
host response against tuberculosis after bacillus Calmette-Guerin or DNA
vaccination. Immunology 97:573.
765. Catalina, M. D., M. C. Carroll, H. Arizpe, A. Takashima, P. Estess, and M. H.
Siegelman. 1996. The route of antigen entry determines the requirement for Lselectin during immune responses. J. Exp. Med. 184:2341.
766. Goldstein, L. A., D. F. Zhou, L. J. Picker, C. N. Minty, R. F. Bargatze, J. F.
Ding, and E. C. Butcher. 1989. A human lymphocyte homing receptor, the
hermes antigen, is related to cartilage proteoglycan core and link proteins. Cell
56:1063.
767. Esser, M. T., R. D. Marchese, L. S. Kierstead, L. G. Tussey, F. Wang, N.
Chirmule, and M. W. Washabaugh. 2003. Memory T cells and vaccines.
Vaccine 21:419.
768. Zaph, C., J. Uzonna, S. M. Beverley, and P. Scott. 2004. Central memory T
cells mediate long-term immunity to Leishmania major in the absence of
persistent parasites. Nat. Med. 10:1104.
769. Harrington, L. E., K. M. Janowski, J. R. Oliver, A. J. Zajac, and C. T. Weaver.
2008. Memory CD4 T cells emerge from effector T-cell progenitors. Nature
452:356.
770. Purton, J. F., J. T. Tan, M. P. Rubinstein, D. M. Kim, J. Sprent, and C. D. Surh.
2007. Antiviral CD4+ memory T cells are IL-15 dependent. J. Exp. Med.
204:951.
771. Flynn, J. L., M. M. Goldstein, J. Chan, K. J. Triebold, K. Pfeffer, C. J.
Lowenstein, R. Schreiber, T. W. Mak, and B. R. Bloom. 1995. Tumor necrosis
factor-alpha is required in the protective immune response against
Mycobacterium tuberculosis in mice. Immunity. 2:561.

243

772. Sargentini, V., S. Mariotti, S. Carrara, M. C. Gagliardi, R. Teloni, D. Goletti,
and R. Nisini. 2009. Cytometric detection of antigen-specific IFN-gamma/IL-2
secreting cells in the diagnosis of tuberculosis. BMC. Infect. Dis. 9:99.
773. Jovanovic, D. V., J. A. Di Battista, J. Martel-Pelletier, F. C. Jolicoeur, Y. He,
M. Zhang, F. Mineau, and J. P. Pelletier. 1998. IL-17 stimulates the production
and expression of proinflammatory cytokines, IL-beta and TNF-alpha, by
human macrophages. J. Immunol. 160:3513.
774. Fremond, C. M., D. Togbe, E. Doz, S. Rose, V. Vasseur, I. Maillet, M. Jacobs,
B. Ryffel, and V. F. Quesniaux. 2007. IL-1 receptor-mediated signal is an
essential component of MyD88-dependent innate response to Mycobacterium
tuberculosis infection. J. Immunol. 179:1178.
775. Wang, C., S. G. Kang, J. Lee, Z. Sun, and C. H. Kim. 2009. The roles of CCR6
in migration of Th17 cells and regulation of effector T-cell balance in the gut.
Mucosal. Immunol. 2:173.
776. Lim, H. W., J. Lee, P. Hillsamer, and C. H. Kim. 2008. Human Th17 cells share
major trafficking receptors with both polarized effector T cells and FOXP3+
regulatory T cells. J. Immunol. 180:122.
777. Hamada, S., M. Umemura, T. Shiono, H. Hara, K. Kishihara, K. Tanaka, H.
Mayuzumi, T. Ohta, and G. Matsuzaki. 2008. Importance of murine
Vdelta1gammadelta T cells expressing interferon-gamma and interleukin-17A
in innate protection against Listeria monocytogenes infection. Immunology
125:170.
778. Schulz, S. M., G. Kohler, C. Holscher, Y. Iwakura, and G. Alber. 2008. IL-17A
is produced by Th17, gammadelta T cells and other CD4- lymphocytes during
infection with Salmonella enterica serovar Enteritidis and has a mild effect in
bacterial clearance. Int. Immunol. 20:1129.
779. Luo, Y., B. Wang, L. Hu, H. Yu, Z. Da, W. Jiang, N. Song, Y. Qie, H. Wang, Z.
Tang, Q. Xian, Y. Zhang, and B. Zhu. 2009. Fusion protein Ag85BMPT64(190-198)-Mtb8.4 has higher immunogenicity than Ag85B with capacity
to boost BCG-primed immunity against Mycobacterium tuberculosis in mice.
Vaccine 27:6179.
780. Lindenstrom, T., E. M. Agger, K. S. Korsholm, P. A. Darrah, C. Aagaard, R. A.
Seder, I. Rosenkrands, and P. Andersen. 2009. Tuberculosis subunit vaccination
provides long-term protective immunity characterized by multifunctional CD4
memory T cells. J. Immunol. 182:8047.
781. Fahlen-Yrlid, L., T. Gustafsson, J. Westlund, A. Holmberg, A. Strombeck, M.
Blomquist, G. G. MacPherson, J. Holmgren, and U. Yrlid. 2009. CD11c(high
)dendritic cells are essential for activation of CD4+ T cells and generation of
specific antibodies following mucosal immunization. J. Immunol. 183:5032.
244

782. Karakousis, P. C., T. Yoshimatsu, G. Lamichhane, S. C. Woolwine, E. L.
Nuermberger, J. Grosset, and W. R. Bishai. 2004. Dormancy phenotype
displayed by extracellular Mycobacterium tuberculosis within artificial
granulomas in mice. J. Exp. Med. 200:647.
783. Nambiar, J. K., A. A. Ryan, C. Kong, W. J. Britton, and J. A. Triccas. 2009.
Modulation of pulmonary dendritic cell function by vaccine-encoded GM-CSF
enhances protective immunity against Mycobacterium tuberculosis infection.
Eur. J. Immunol.
784. Clark, S., M. L. Cross, A. Nadian, J. Vipond, P. Court, A. Williams, R. G.
Hewinson, F. E. Aldwell, and M. A. Chambers. 2008. Oral vaccination of
guinea pigs with a Mycobacterium bovis bacillus Calmette-Guerin vaccine in a
lipid matrix protects against aerosol infection with virulent M. bovis. Infect.
Immun. 76:3771.

245

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)

Dilutions
neat
10-1
10-2
10-3
10-4
10-5
10-6
10-7
10-8
10-9

MPN-plate 1 positive wells
5/5
5/5
5/5
5/5
5/5
5/5
5/5
5/5
5/5
5/5
5/5

MPN-plate 1 positive wells
5/5
5/5
5/5
5/5
5/5
5/5
5/5
5/5
5/5
5/5
5/5
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