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GeneralGeneral Introduction 

1.. Epidemiology 

Onethirdd of the world population is infected with Mycobacterium tuberculosis, 

comprisingg 1.9 billion people [1]. With 8 million new cases and 2 million deaths 

eachh year, tuberculosis (TB) is the leading cause of death among infectious diseases. 

Humann immunodeficiency virus (HIV) infected patients are particularly susceptible 

too TB, resulting in a striking correlation between the epidemiology of TB and HIV. 

Indeed,, TB is the most common infection in HIV-positive patients, affecting 50-67% 

off  HIV infected patients. Global occurrence of dual infection with HIV and TB 

affectss 0.64 million people. 

2.. Immune responses against TB 

Afterr inhalation, M. tuberculosis is taken up by alveolar macrophages that transport 

thee pathogen into the lung parenchyma [2]. Infected macrophages induce 

extravasationn of phagocytic cells (granulocytes and monocytes), natural killer (NK) 

cellss and T cells. Activated immune cells produce cytokines which initiate 

granulomaa formation. Granulomas are considered the optimal site for a coordinated 

interactionn between T cells and macrophages, resulting in eradication of the 

mycobacteria.. However, they are also a favorable environment for mycobacterial 

replication,, thus promoting survival of the pathogen. 

Twoo clinical patterns follow infection with M. tuberculosis [3]. In most persons, 

mycobacteriaa are killed by alveolar macrophages or grow intracellularly in localized 

lesionss called tubercles. These persons become healthy tuberculin reactors. However, 

aboutt 10% develop disease. Bacilli can spread through blood or the lymphatics to 

otherr parts of the body. With the killin g of the bacilli, also phagocytes and lung 

parenchymaa cells die, resulting in caseous necrosis. Expansion of the necrosis into a 

bronchuss results in a cavity, containing large numbers of mycobacteria. 

2.12.1 Innate versus acquired immunity. 

Innatee immunity, evolved under the selective pressure imposed by invading 

pathogens,, recognizes invariable molecular constituents of infectious agents, which 

aree essential for survival of microbes. These patterns are shared by large groups of 

microbess [4], Receptors that are part of host defense mechanisms that recognize 

molecularr patterns are called pattern recognition receptors [5]. An example is CD14, 

expressedd on antigen presenting cells of the innate immune system and on cells that 
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aree the first to encounter a pathogen, such as surface epithelia. Lipopolysaccharide 
(LPS),, the principal stimulator of host defense against gram-negative bacteria, binds 
too CD14 after which signal transduction occurs. Lipoarabinomannan (LAM) is a 
lipidd glycoprotein cell wall component of M. tuberculosis that has been implicated as 
aa major factor in the induction of cytokine release during TB [6, 7]. LAM shares 
manyy physicochemical properties with LPS and utilizes CD 14 in a similar way as 
LPSS to exert inflammatory effects on cells [7-9]. 
Innatee immunity is not merely a rude immune response which contains infections 
untill  adaptive immunity is induced, but also is essential for the activation of adaptive 
immunityy and direction into effector type immune cells. 

Acquiredd immunity is based on receptors that are generated during the lifespan of an 
individuall  organism and distributed on T cells and B cells. The specificity of the 
receptorss is not predetermined and therefore neither is the response of naive 
lymphocytess upon antigen-ligation of their receptors. Differentiation into effector 
cellss depends on external clues such as cytokines [10], which are induced upon 
innatee immune recognition of pathogens rather than during the course of an adaptive 
immunee reponse [5], 

2.22.2 Mediators of immunity 
Hostt defense to TB is mediated by cells of innate immunity present at the site of 
infectionn that produce cytokines and chemokines. The early production of cytokines 
influencess priming of CD4+ T cells. Cytokines can be divided into groups, of which 
thee balance critically determines the outcome of the host response to the 
mycobacterium.. Some classical paradigms of cytokine balances, which partly 
overlap,, will be discussed. 

2.2aa Pro- and anti-inflammatory cytokines. 
Inn general, the immune response to M. tuberculosis is a double-edged sword that may 
contributee both to protective immunity and to tissue damage. 

Pro-inflammatoryy cytokines stimulate inflammatory processes. The most important 
cytokiness are tumor necrosis factor-a (TNF) and interleukin (IL)-l , which are 
associatedd with inflammatory responses in humans such as fever and cachexia. 
Systemicc effects of TNF injected in humans include activation of the cytokine 
network,, the coagulation system and of neutrophils [11, 12]. IL-1 induces similar 
effects,, except for neutrophil activation [13]. TNF binds to surface receptors TNFR 
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typee I and type II [14]. IL-1 stands for two polypeptides, IL-l a and IL-lf3 . Whereas 
IL-locc remains mainly intracellularly, EL-lfJ is transported out of the cell and can be 
foundd in the circulation during severe inflammation [15]. IL-1 can bind two 
receptors.. While IL-1R type II is a decoy receptor, binding to IL-1R type I results in 
signall  transduction. Since IL-1R type I deficient (IL-1R7) mice do not respond to 
EL-11 [16], IL-1R type I is held responsible for the biological actions of IL-1. TNF 
andd IL-l p are elevated in pleural fluid of patients with TB [17, 18] and play a role in 
thee formation of granulomas [19, 20]. Indeed, TNF is essential for protection against 
TB,, as mice deficient for TNF succumb to M. tuberculosis infection, associated with 
aa delay in granuloma formation [21]. Knowledge on the role of endogenous IL-1 in 
hostt response to TB is limited. 

Anti-inflammatoryy cytokines inhibit inflammatory processes. EL-6, involved in the 
acutee phase protein response, has both pro- and anti-inflammatory properties: when 
administeredd to humans, IL-6 can induce mild inflammatory responses. Its anti-
inflammatoryy capacity consists of inhibition of TNF and IL-1 production [22]. IL-4 
andd IL-10 both inhibit pro-inflammatory cytokine production [23]. IL-10 inhibits 
killin gg of intracellular mycobacteria [24] and has been suggested to act as a 
regulatoryy cytokine preventing excessive inflammation and subsequent tissue 
damagee [25]. 

2.2bb The Thl/Th2 paradigm 
Afterr antigenic stimulation, CD4+T helper (Th) lymphocytes can be divided into two 
subsetss based on their functional capacities and the cytokines they produce (Figure 
1).. Thl cells secrete interferon (IFN)Y and TNF, and induce cell-mediated immune 
responses,, characterized by cytolytic activity. These cytokines are usually associated 
withh inflammation. The Th2 subset produces IL-4 and IL-10 that stimulate B cells to 
proliferate,, inducing humoral immune responses, characterized by pathogen-specific 
immunoglobulinn production. The profiles of the two Th subsets do not overlap. This 
iss in line with the observation that cell-mediated and humoral responses tend not to 
overlapp during infection. Therefore, the elicited immune response against the 
invadingg pathogen determines whether the host will develop protective immunity or 
succumbb to infection. 

Thee essential role of an intact Thl response in host defense against TB is illustrated 

byy reports of enhanced susceptibility to TB of mice deficient for EFNy [26, 27] or IL-

122 [28]. A mutation in the gene forlFNy [29, 30] or IL-12 [31, 32] in humans is 
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Figuree 1. The development of Thl and Th2 cell responses 

associatedd with an increased susceptibility to mycobacterial infection. 

Macrophagess infected with M. tuberculosis start producing IL-12 [33] and IFNy [34] 

(Figuree 1). NK cells synthesize IFNy in response to IL-12 [35] or IL-18 [36]. IL-4 is 

producedd by mast cells, eosinophils and a subpopulation of T cells [37], IFNy and EL-

122 promote further Thl differentiation. IL-12 directly stimulates Thl differentiation 

andd IFNy production, but has no effect on Th2 cells. EFNy and other Thl cytokines 

suppresss Th2 development, resulting in a tendency to polarization of effector cells 

[10,, 33]. When cells are cultured in the presence of an anti-IL-4 antibody, generation 

off  Th2 cells is completely abrogated, suggesting that EL-4 is necessary for Th2 

differentiationn [38]. IL-4 and IL-10 strongly suppress the development of Thl cells 

producingg IFNy [23]. IL-4 further suppresses Thl development by downregulating 

IL-12R(33 expression, leading to loss of EL-12 signaling and subsequent promotion of 

thee Th2 pathway [39]. 

However,, other studies show that Thl and Th2 cells can develop in the absence of 

IL-122 and EL-4 respectively, thereby questioning the absolute requirement of 

cytokiness to influence Thl/Th2 differentiation [40], Alternative factors may 
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influencee Thl/Th2 development. Varying the dose of antigen may skew Thl/Th2 
differentiation,, with low doses inducing a Th2-like response and high doses a Thl-
likee responses. Furthermore, since infected macrophages activate CD4+ T cells 
directlyy by expressing mycobacterial peptides on their cell surface in association with 
MHCC molecules [3], selective expression of costimulatory signals may skew the 
precursorr Th cell differentiation [40]. 

Thee Thl/Th2 paradigm does not fully explain all experimental observations, e.g. 
bothh Thl and Th2 cells can mediate inflammatory responses such as migration of 
leukocytess to the site of infection [25]. Other cytokine patterns have been described: 
TT cells expressing both patterns have been called ThO cells. However, the overlap in 
cytokinee profiles may be due to the presence of mixed populations of CD4 T cell 
subsetss [41, 42]. Also, not distinct subsets but rather a continuum of different 
combinationss of cytokine secretion has been postulated [43]. Moreover, many cell 
typess other than Thl and Th2 cells contribute to cytokine production, such as NK 
cells,, macrophages and keratinocytes, and it has been suggested that these responses 
shouldd be described as type 1 or type 2 [33] 

Itt seems likely that the immune system provides regulatory mechanisms that cope 
withh toxicity induced by the effector cells, preventing immune-mediated tissue 
damage.. It has been proposed that the reciprocal relationship between cellular and 
humorall  responses may not reflect a Thl/Th2 paradigm, but rather a shift from an 
earlyy extravascular immune response consisting of aspecific effectors towards an 
antigen-specificc immune response including antibody production and cytotoxic T cell 
responsess later in infection, associated with minimal toxicity [25]. Another 
considerationn must be made on behalf of the mycobacterium. The Thl/Th2 decision 
iss crucial for effective immunity. Therefore, pathogens may have evolved ways to 
interfere.. This choice is based on a complex matrix of interlocking factors. 

However,, whether cytokine production represents a continuum or discrete subsets, or 
whetherr cytokine expression represents distinct phenotypes or transient responses to 
stimulation,, a striking dichotomy between IFNy and EL-4 responses remains [33]. 

2.2cc Chemokines and chemokine receptors. 
Chemokiness are cytokine-like molecules that are able to induce migration of 
leukocytess [44]. Immune cell trafficking is a central element in host defense to 
invadingg pathogens. However, disproportionate inflammatory responses result in 
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tissuee injury. The regulation of trafficking of immune cells is complex. 

Chemokiness have been divided into several families on the basis of the position of 
theirr cysteine residues [45]. In CXC-chemokines, one amino acid separates the first 
twoo cysteine residues, whereas in CC-chemokines, they are adjacent. In general, 
CXC-chemokiness are chemotactic for neutrophils, whereas CC-chemokines attract 
monocytess and lymphocytes. Chemokines bind to chemokine receptors, which are 
expressedd on different types of leukocytes. Some receptors are restricted to certain 
cellss (e.g. CXCRI is expressed only by neutrophils), others are more widely 
expressed.. Cells that express chemokine receptors can respond to chemokines and 
migratee into inflamed tissue. In addition, some receptors are constitutively expressed 
onn some cell types, whereas they are inducible on others. 

Thee levels of chemokines are elevated in the bronchoalveolar lavage fluid of patients 
withh pulmonary TB [46] and therefore seem implicated in antimycobacterial host 
defense.. Chemokine receptors can be used by pathogens as a vehicle of cellular 
invasion,, among which HTV [47, 48]. 

3.. The pathogenesis of coinfection with TB and HIV 

Thee enhanced susceptibility of HIV infected patients to TB illustrates that cellular 
immunityy plays a role in restricting TB in immunocompetent hosts. Indeed, a 
reducedd Thl response contributes to their susceptibility, as HIV-infected patients 
havee a decreased capacity to produce EFNy [49, 50] and EL-12 [51]. 

3.13.1 HIV coreceptors 
TBB results in an enhanced susceptibility of immune cells for HIV infection, 
facilitatingg HIV entry and replication [52]. Also, viral replication is increased in 
HIV-infectedd patients who develop active TB, resulting in an accelerated course of 
HIVV disease [53]. CXCR4 and CCR5 serve as coreceptors which in addition to CD4 
aree required for HIV entry into cells [48] (Figure 2). The existence of coreceptors fits 
withh HTV-tropism for different target cells. Isolates that show efficient infectivity for 
continuouss cell lines, but poor infectivity for macrophages are termed T-tropic 
viruses.. Strains infecting macrophages much more efficiently than continuous T cell 
liness are designated M-tropic. M-tropic HIV isolates use CCR5 as coreceptor early in 
thee course of HIV infection, whereas T-cell tropic viruses use CXCR4 for entry in 
CD4++ T cells, typically in a later stage of infection. Dual-tropic strains can use both 
CXCR44 and CCR5 [48], Individuals with a homozygous deletion of CCR5 can not 
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Figuree 2. Chemokine receptors CXCR4 and CCR5 as HIV coreceptors for HIV entry into cells 

bee infected with M-tropic HIV strains, indicating a key role for this receptor in HIV1 
pathogenesiss [54, 55]. It was found that increased HIV coreceptor expression 
correlatess with enhanced HIV entry into cells and HIV replication [48]. Moreover, 
virall  strains that use a broad range of coreceptors correlate with progression of HIV 
[56],, suggesting coreceptor usage is a determinant of HIV disease. 

Macrophagess activated by a mycobacterial antigen also become highly susceptible 
forr infection with T-tropic viruses, suggesting that mycobacteria may accelerate a 
transitionn from a M- to a T-tropic phenotype, associated with progression of HIV 
diseasee [57]. 

Sincee the CCR5 ligand chemokines can inhibit HIV-infectivity in vitro [58-60], HIV 
coreceptorss have been implicated as targets for HIV therapy [61]. 

4.. Treatment 

4.14.1 History of treatment ofTB 
Manifestationss of TB are diverse. In earlier times, its symptoms were not recognized 
ass belonging to a single disease entity, let alone as an infectious disease [62], From 
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thee time of Hippocrates, TB was known as 'phtisis', which is derived from Greek for 

'wastingg away7. The swollen glands in the neck were known as 'scrofulae'. Newly 

crownedd kings were thought to possess special healing powers. Being touched by 

kingss was probably one of the first treatments of TB. Epidemic spread began slowly 

withh increasing population density. It is estimated that TB was responsible for 20% 

off  the deaths in London in 1651. Phlebotomy, injection of glue into the pleural cavity 

andd taking walks in freezing rain have been advocated as treatment options. In 1882, 

Kochh isolated and cultured M. tuberculosis, determining it an infectious disease. The 

firstt sanatorium was established in 1882, but depending on the seventy of disease, 

mortalityy of TB remained 30-70%. Another historical intervention strategy was the 

developmentt of the avirulent BCG-vaccin that protected against M. tuberculosis. 

However,, it has major limitations as a preventive measure [63]. The introduction of 

tuberculostaticc drugs in 1947 resulted in a dramatic improvement of mortality due to 

TB,, ending the sanatorium era. 

4.24.2 Problems of present treatment possibilities 

Effectivee treatment requires that patients take large doses of tuberculostatic drugs for 

att least 6 months, and even up to one year in some cases. These are toxic drugs with 

severee side effects such as hepatitis. The long medication scheme poses a problem 

forr the compliance, as illustrated by the development of drug-compliance enhancing 

programs,, such as DOT (directly observed therapy). Another threat to disease control 

iss resistance to tuberculostatic drugs. In 1997, the WHO reported resistance to first-

linee tuberculostatics in all countries surveyed, suggesting it is a global problem [64]. 

Mortalityy of patients infected with a multidrug resistant strain is 40-60%, equalling 

untreatedd TB. Regardless of resistance, the global case fatality rate of TB presently 

estimatess a striking 23-50% [1], 

4.34.3 Revival of an old treatment 

Inn the 1950s, thalidomide (Softenon) was put on the market as a sedative [65]. Five 

yearss later, reports on its teratogenic properties appeared and thalidomide was 

withdrawn.. During this time, 12000 babies with birth defects were born. Recently, 

studiess with thalidomide showed its beneficial effect in a number of diseases, 

includingg mycobacterial infections [66, 67] and HIV-related disorders such as 

cachexiaa (wasting) [68] and aphtous ulcers [69]. This led to illegal distribution of 

thalidomidee among HIV patients in the USA. In 1998. the drug was granted FDA 

approvall  for strictly defined indications. However, knowledge on the mechanism of 

actionn is limited. 
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4.44.4 A possible new treatment 
CpGG dinucleotides within bacterial DNA or synthetic oligodeoxynucleotides (ODNs) 
cann stimulate B cells, NK cells, T cells and macrophages to secret cytokines [70, 71]. 
Thesee sequence motifs are underrepresented in vertebrates [72], and it has been 
proposedd that immune activation by CpG DNA has evolved as a result of 
evolutionaryy selections, contributing to host defense mechanisms that recognize 
invadingg microbial agents [73]. CpG ODNs have been found to be protective in host 
defensee against intracellular pathogens such as Listeria monocytogenes and 
LeishmaniasisLeishmaniasis major [74, 75]. 

5.. A murine model of TB. 

Theree are several mouse models of TB. The most commonly used model involves 
intravenouss injection of M. tuberculosis [76]. However, this does not reflect the 
pathogenesiss of TB. A model in which TB is induced within the pulmonary 
compartmentt using aeorosol inhalation [77] bears the risk of contamination. In this 
thesiss intranasal inoculation was used to induce pulmonary TB in mice. The well-
definedd H37Rv laboratory strain of M. tuberculosis was used, which is also 
pathogenicc in man. Droplets of a suspension containing a lethal or sublethal dose of 
M.M. tuberculosis were put on the nares of the mice, after inhalation resulting in a 
locallyy induced model of pulmonary TB. 

6.. Aim and outline of the thesis 

Neww strategies for the treatment of TB are called for [78]. Studies that aim at 
manipulationn of the host immune response to TB and HIV are already occasionally 
undertakenn [79-81], In this thesis, several aspects of the immune response to TB are 
studied,, using clinical and experimental methods. Results may contribute to the 
designn of immunotherapy that is likely to promote the protective immune response. 

Chapterr 2 and 3 describe the prevalence and morbidity of patients with TB or an 
atypicall  mycobacterial infection (M. xenopi) in the Academic Medical Center. In 
Chapterr 4, concentrations of cytokines and soluble cytokine receptors sTNFRI and 
II,, sIL-lRI and II as well as IL-lr a were measured in sera of patients with TB in 
differentt stages of disease. Chapter 5 describes serum concentrations of Thl and 
Th22 cytokines during the course of TB. In Chapter 6, LPS-activity regulating 
proteinss LPB, BPI and sCD14 were measured during TB. Concentrations of 
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chemokiness IL-8, IP-10, MCP-1 and MEP-1(3 were measured during active TB, and 
thee ability of LAM to induce chemokines was examined (Chapter 7). LAM was 
comparedd to LPS in its ability to induce pulmonary inflammation in mice (Chapter 
8).. Regulation of migration of immune cells was studied in patients with TB as well 
ass in experimental endotoxemia. In Chapter 9 expression of CXCR1 and CXCR2 on 
granulocytess was studied. Chapter 10 desribes expression of uPAR and CDllb. 
HTVV patients are often coinfected with TB, and TB accelerates progression of HIV 
disease.. A possible mechanism of interaction of TB and HIV was studied. The 
expressionn of HIV coreceptors CXCR4 and CCR5 was examined in patients with TB 
(Chapterr 11) and during experimental endotoxemia (Chapter 12). The effect of 
thalidomidee on HTV coreceptor expression (Chapter 13), on granulocytes (Chapter 
14)) and on Thl/Th2 balans (Chapter 15) was studied. Chapter 16 evaluates 
treatmentt with CpG oligodeoxynucleotides in a mouse model of TB. Knock-out mcie 
aree a tool to study the role of the gene that was deleted. Using knock-out mice, the 
rolee of IL-1 receptor type I (Chapter 17) and IL-18 (Chapter 18) during TB was 
studied.. The role of alveolar macrophages was investigated in murine TB in Chapter 
19. . 
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