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The World Health Organization (WHO) declared tuberculosis (TB) a global public health 
emergency in 1993. Although prevalence and death rates declined since then, TB re-
mains one of the top 10 causes of death worldwide. In 2016, 10.4 million new TB cases 
were reported, of which 10% occurred in children and 10% in HIV-co-infected individu-
als (World Health Organization, 2017). TB is predominantly a pulmonary disease, but 
extra-pulmonary infection is particularly common in children under the age of 5 years 
and immune-compromised individuals (van Well et al., 2009). The most common form of 
central nervous system (CNS) involvement and most severe complication of TB is tuber-
culous meningitis (TBM). The incidence of TBM is estimated to be 1% of all TB cases, but 
varies greatly per location and is dependent on incidence of TB and HIV, age and living 
conditions (Wilkinson et al., 2017). Moreover, in TB endemic areas, TBM is the most com-
mon form of meningitis diagnosed in children (Rock et al., 2008). The incidence of TB and 
TBM seem to correlate directly, which means that strategies to reduce overall TB burden 
will eventually also improve the TBM problem (World Health Organization, 2017).

Infection with Mycobacterium tuberculosis leads to granuloma formation

Mycobacterium tuberculosis is transmitted via aerosols and consequently primarily 
infects lung tissue. In the lung, pathogenic mycobacteria are phagocytosed by alveolar 
macrophages. Subsequently, infected cells transport bacteria into deeper tissue where 
they give rise to granulomas (Pagan and Ramakrishnan, 2015; Ramakrishnan, 2012). 
Granulomas are the defining pathological hallmark of TB and are dynamic clusters of 
activated immune cells. The major function of granulomas is to prevent the spreading of 
bacteria in the surrounding tissue (Pagan and Ramakrishnan, 2015; Ramakrishnan, 2012). 
The predominant cell types that are recruited to early granulomas are macrophages, of 
which most cells differentiate into epithelioid cells, multi-nucleated giant cells or foamy 
macrophages (Flynn et al., 2011). Once a granuloma matures, other cell types, like neu-
trophils, natural killer cells and T and B-lymphocytes, are involved and the granuloma 
becomes surrounded by fibroblast and epithelial cells. The classic caseous granuloma 
is the most common type of granuloma in active and latent TB, in which dying macro-
phages and neutrophils form a necrotic core. The interface between this necrotic center 
and the surrounding epithelioid macrophage-rich region is the place where bacteria are 
most commonly found and grow out in higher numbers (Figure 1A, (Barry et al., 2009; 
Flynn et al., 2011; Mattila et al., 2013; Ramakrishnan, 2012). Additionally, mycobacteria 
can be found in epithelioid macrophages and in giant cells (Mattila et al., 2013). The 
periphery of the granuloma is formed by the lymphatic cuff, which predominantly con-
tains T and B-lymphocytes and sporadic peripheral fibrosis. Other types of granuloma 
include non-necrotic, the predominant type in active TB, and fibrocalcific granulomas, 
seen mostly in latent TB (Figure 1B, C, (Barry et al., 2009; Mattila et al., 2013)). For long, 
granulomas were thought to be solely host protective structures exerting antimicrobial 
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immune responses to restrict infection. However, recent work shows that mycobacteria 
are able to exploit granuloma formation for their survival, their local expansion and 
dissemination to new hosts, by manipulating host immune responses and cell death 
pathways (Davis and Ramakrishnan, 2009; Ramakrishnan, 2012).

In order to interact with host physiological mechanisms, M. tuberculosis has devel-
oped a uniquely complex mycobacterial membrane and strategies to secrete multiple 
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Figure 1. Organization of the three most commonly found granuloma type
[A] A classic mature necrotic granuloma consists of three layers: 1) the inner caseous/necrotic core with 
dead macrophages and neutrophils; 2) an epithelioid-macrophage rich area which is composed of epithe-
lioid macrophages, multi-nucleated giant cells, foamy macrophages and neutrophils; 3) a lymphatic cuff as 
outer layer containing T and B-lymphocytes and sometimes fibroblasts. Mycobacteria are generally found 
in epithelioid macrophages, at the interface of the necrotic and macrophage region and in giant cells that 
are located more peripherally. [B] A non-necrotic granuloma in general mainly consists of a macrophage 
dense population of cells with an inner epithelioid-macrophage rich area with epithelioid macrophages 
and foamy macrophages more centrally located, without any signs of necrosis. Neutrophils are distributed 
through the entire granuloma. Additionally, T- and B-lymphocytes form a lymphocytic cuff, but are less 
abundant than in necrotic granulomas. Mycobacteria are found inside macrophages in this granuloma 
type. [C] Fibrocalcific granulomas are almost completely composed of fibroblast with only small amounts 
of macrophages and neutrophils. Most likely, very little bacteria are present in fibrotic granulomas, but they 
might reside within macrophages.
Image is adapted from data and figures found in (Barry et al., 2009; Cadena et al., 2017; Mattila et al., 2013; 
Pagan and Ramakrishnan, 2015; Ramakrishnan, 2012).
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virulence factors. To facilitate transport of virulence factors, pathogenic mycobacteria 
have up to five type VII secretion systems (T7SS). Of these systems, called ESX-1 to ESX-5, 
at least three are essential for virulence (Abdallah et al., 2007; Gröschel et al., 2016). ESX-
1 is responsible for the secretion of the vital virulence factors ESAT-6 (EsxA) and CFP-10 
(EsxB) and has been well characterized for phagolysosome escape after engulfment of 
mycobacteria by the macrophage (van der Wel et al., 2007). It has been well established 
that ESX-1 substrates play an essential role in phagosomal rupture (Houben et al., 2012; 
Simeone et al., 2012; van der Wel et al., 2007), although the exact molecular mechanism 
is still debated (Conrad et al., 2017; Peng and Sun, 2017). Subsequent bacterial entrance 
of the cytosol facilitates bacterial survival, but also triggers pro-inflammatory responses. 
Consequently, ESX-1 secretion has been associated with granuloma formation, recruit-
ment of additional macrophages and dissemination of disease in addition to its role in 
the macrophage infection cycle (Carlsson et al., 2010; Gao et al., 2004; Stoop et al., 2011; 
Volkman et al., 2004).

Rich focus theory

Although M. tuberculosis primarily infects the lungs, it can spread to distant parts of 
the body. The current understanding of the pathophysiology of TBM is based on the 
pioneering work performed by Rich and McCordock in the 1920s and 1930s (Rich and 
McCordock, 1933). They were the first to challenge the long-standing hypothesis that 
TBM was a direct effect of hematogenous dissemination of M. tuberculosis. Instead they 
showed that lympho-hematogenous dissemination of M. tuberculosis from a primary 
pulmonary focus could lead to the formation of caseating foci in brain tissue, the so-
called Rich foci. Bacterial proliferation can be contained within CNS granulomas and 
patients can remain clinically asymptomatic for many years post-infection. Ultimately, 
alterations in immune status or granuloma growth can lead to discharge of a substan-
tial amount of bacteria into the subarachnoid space after which meningitis develops 
(Donald et al., 2005). Once a pre-existing Rich focus ruptures, the subsequent massive 
inflammatory response is responsible for the clinical manifestation of TBM. This can 
result in 1) additional tuberculoma formation, 2) basal inflammatory exudates caus-
ing obstruction of cerbral spinal fluid (CSF) and hydrocephalus and 3) obliterative 
vasculitis resulting in infarction (Figure 2, Be et al., 2009; Rich and McCordock, 1933; 
Wilkinson et al., 2017). Subsequent studies confirmed the observations made by Rich 
and McCordock and showed that different types of granulomatous lesions were found 
in all parts of the CNS; in the brain parenchyma, the meninges or both and adjacent to 
bone (Blacklock and Griffin, 1935; MacGregor and Green, 1935). The spectrum of lesions 
ranged from small (average 3 – 5 mm) and multiple caseous nodules (average of 30-40, 
range 1 - 130) to larger tuberculous exudative plaques (MacGregor and Green, 1935; 
Rich and Thomas, 1946). Granuloma can reach considerable size (6 cm) without produc-
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ing meningeal inflammation if centrally located and can occur in absence of or along 
with TBM (MacGregor and Green, 1935; Rich and McCordock, 1933). The concept of the 
Rich focus still forms the center of thinking about the pathogenesis of TBM. However, a 
re-interpretation of this work suggests that in children miliary TB may have a stronger 
correlation with the onset of TBM than initially thought (Donald et al., 2005).

Distinctive patterns of granuloma formation are found in both histopathology as 
well as radiology studies (Bernaerts et al., 2003). There is clinical evidence to suggest 
that there is a varying response of the granuloma sub-types to treatment, which could 
suggest the differential outcome of clinical phenotypes observed at end of treatment �����������������������������������
��������������	�
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Figure 2. Schematic representation of Rich Focus theory
After inhalation of M. tuberculosis, bacilli are phagocytosed by alveolar macrophages and transported into 
deeper tissue. Infected macrophages disseminate via the circulation and are able to cross the blood-brain 
barrier by a yet unknown mechanism. In brain tissue, Rich foci/granuloma are formed. Ultimately, altera-
tions in immune status or granuloma growth can lead to discharge of a substantial amount of bacteria 
into the subarachnoid space, which lead to adhesions, vasculitis and infarction with subsequent clinical 
symptoms.
Adapted from (Be et al., 2009; Rich and McCordock, 1933; Wilkinson et al., 2017; van Well, personal com-
munication).
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(personal communication, R van Toorn). Little is known regarding the specific clinical 
or histological aspects that may play a role in the formation of a granuloma, yet these 
characteristics can have important implications for the individual patient.

Barriers between circulation and central nervous system

In order to establish a site of infection within the brain parenchyma or meninges M. 
tuberculosis needs to cross the specialized barriers separating the CNS from the circula-
tion. There are three barriers between blood circulation and brain tissue. The most widely 
studied barrier is the blood-brain barrier, which is present at all levels of the vascular 
tree (Figure 3A; Abbott et al., 2010, 2006; Obermeier et al., 2013). This barrier consists of 
specialized endothelial cells, which are connected by intercellular tight junctions, and 
tightly regulate movement of molecules. The BBB forms the dynamic and protective 
‘neurovascular unit’ with several other CNS specific cell types, like neurons, pericytes, 
astrocytes and microglia (Abbott, 2013; Blanchette and Daneman, 2015; Hawkins and 
Davis, 2005). A second, less studied, barrier is the blood-cerebrospinal fluid barrier, 
which is formed by the epithelial cells of the choroid plexus (CP) that can be found in 
all ventricles of the brain (Figure 3B; Abbott et al., 2010; Lun et al., 2015). The CSF-facing 
epithelial cells are joined by tight junctions and are surrounding fenestrated capillaries 
and stromal tissue. The CP harbors pericytes closely connected to the endothelial cells 
and various immune cells. Moreover, the blood-CP barrier is thought to be an entrance 
point for immune cells into the CNS (Lun et al., 2015). The final barrier, the arachnoid 
barrier, is most likely not an important route for molecular or cellular entry into the CNS 
(Figure 3C; Abbott et al., 2010). This barrier is composed of multi-layered epithelium 
joined by tight junctions. Although this barrier is avascular, arachnoid villi connect with 
the circulation to aid reabsorption of CSF into the systemic circulation out of the brain in 
a one-way direction (Abbott et al., 2010). Little is known about how M. tuberculosis man-
ages to cross the barriers protecting the CNS, but in theory pathogenic mycobacteria 
use at least one of the three known migration strategies: 1) transcellular migration, a 
receptor mediated strategy in which bacteria invade endothelial cells; 2) paracellular 
migration, achieved by disruption of the tight junctions and integrity of the BBB; or 3) 
the Trojan Horse mechanism, in which pathogenic bacteria utilize phagocytic cells as 
carrier to cross the BBB (Figure 4, Kim, 2008). The host and pathogen factors involved in 
migration of M. tuberculosis to the CNS have yet to be elucidated and will be discussed 
in this thesis.

Immunological balance in mycobacterial pathogenesis

Innate and adaptive immunological responses to mycobacterial infection are essential 
in combating the infection. Upon pathogen recognition, several cell signaling cascades 
lead to the production of pro-inflammatory cytokines, like tumor necrosis factor α, 
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TNFα (Flynn et al., 2011; van Crevel et al., 2002). This response will induce additional 
recruitment and activation of immune cells. Although this immune response is initiated 
to protect the organism it can also harm local neurons. Another key player in the CNS 
response against M. tuberculosis is vascular endothelial growth factor (VEGF). During 
TBM, increased VEGF levels have been found in CSF and are associated with vasculopa-
thy, blood-brain barrier disruption, cerebral edema formation, hydrocephalus and basal 
meningeal enhancement (van der Flier et al., 2004; Visser et al., 2014). It is clear that an 
excessively active immune system can lead to tissue damage (Matty et al., 2015), sug-
gesting that a balance between pro- and anti-inflammatory mechanisms is essential for 
a favorable outcome of disease (Flynn et al., 2011). The fact that Rich foci can be clinically 
asymptomatic for many years is probably a direct consequence and best example of this 
balance. Once the immune status is altered, a silent Rich focus can be reactivated and 
induce the massive inflammatory response seen during TBM. In addition, a very young 
age (<1 year) and advanced HIV-infection, are both associated with reduced protective 
immunity and are known for rapid TBM progression and high mortality (Wilkinson et al., 
2017). This indicates that clinical features are influenced by the intracerebral inflamma-
tory response.
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Figure 3. Blood-CNS barriers
Schematic representation of the barriers between de CNS and circulation: [A] blood-brain barrier, [B] Blood-
CSF barrier in the choroid plexus, [C] Arachnoid barrier.
Image is combination of figures found in (Abbott et al., 2010, 2006; Lun et al., 2015; Obermeier et al., 2013).
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Besides risk factors like age, HIV co-infection and malnutrition, genetic predisposition 
is also known to affect immune balance. Numerous genetic polymorphisms affecting 
the innate immune response to infection are associated with extra-pulmonary manifes-
tation of TB. Links between Single Nucleotide Polymorphisms (SNPs) in host response 
pathways, including Toll-like receptors, with susceptibility to TBM are found in different 
ethnic groups (Caws et al., 2008; Dissanayeke et al., 2009; Hawn et al., 2006; Thuong 
et al., 2007; Wilkinson et al., 2017). An interesting example is a single nucleotide poly-
morphism (SNP) in the leukotriene A4 hydrolase (LTA4H) promoter. Depending on the 
specific genotype, this gene locus influences the balance between pro-inflammatory 
leukotriene B4 and anti-inflammatory lipoxin A4, with subsequent effect on TNFα levels 
(Tobin et al., 2013, 2010). The presence or absence of loci influencing cytokine levels 
and subsequent disease severity can have important implications for a single individual.

Mycobacterial characteristics

Next to the variation in the immune response we also have to consider the variation in 
the pathogen. Tuberculosis can be caused by any species belonging to the so-called 
Mycobacterium tuberculosis complex (MTBC). Detailed genetic analysis has shown that 
this complex encompasses seven lineages (lineage 1-7) that are adapted to humans. 
All these lineages are characterized by their own unique global distribution (Brites and 
Gagneux, 2017; Stucki et al., 2016), some are widespread and some are only identified 
in certain geographic areas. Specific M. tuberculosis lineages are thought to induce 
disseminated disease and TBM more frequently than others, although no mechanistic 
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Figure 4. Microbial crossing of the BBB
Schematic representation of the three mechanisms used by pathogenic microbes to cross the endothelial 
cells of the BBB and invade the CNS: 1) transcellular migration, 2) paracellular migration, 3) Trojan Horse 
mechanism.
Adapted from (Kim, 2008).
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explanation has been provided so far (Thwaites et al., 2008; Wilkinson et al., 2017). For 
instance, several studies in China suggest a predominance of Beijing isolates, belong-
ing to lineage 2, in patients with extra-pulmonary TB and TBM (Pan et al., 2015; Xing et 
al., 2012). In Vietnam, it was shown that infection with lineage 2, in combination with 
a Thr597Cys polymorphism in the Toll-like receptor 2 (TLR2) gene, led to a higher risk 
on developing TBM (Caws et al., 2008). This suggests that the interplay between host 
and pathogen increases the risk for TBM. In a South African study among 285 children 
with culture proven tuberculosis no differences were found between the prevalence of 
lineage 2 and 4 in patients with TBM (Nicol et al., 2005). This probably means that both 
strains contribute equally to CNS involvement in this population

With the help of transposon mutants and in vitro and in vivo work, specific genes 
necessary for CNS invasion have been studied. For example, studies in guinea pigs have 
revealed the importance of the gene Rv0931c, which encodes the serine/threonine 
protein kinase PknD, for invasion of brain endothelial cells (Be et al., 2012). However, 
whether this variation(s) in this gene is of clinical importance is not elucidated yet. An 
interesting gene identified in in vitro and in vivo studies to be of clinical importance 
is coding for PE_PGRS33. PE_PGRS33 is a secreted and cell surface localized protein 
shown to mediate entry of M. tuberculosis in macrophages through interaction with 
TLR2 (Palucci et al., 2016). A SNP in this gene was associated with an increased risk of 
developing TBM in Chinese children (Wang et al., 2011). Understanding the bacterial 
virulence factors involved in CNS invasion can help in improving our understanding 
of the pathogenesis of TBM. Moreover, these bacterial factors have a potential role as 
therapeutic target against TBM (Skerry et al., 2013).

Clinical presentation of TBM

In the majority of infected individuals, the initial immune response does not lead to com-
plete clearance of infection, but often results in inhibition of mycobacterial outgrowth. 
Classically, this state, without eradication but also without replicating bacteria is called 
latent TB infection (LTBI) (Flynn et al., 2011) (Cadena et al., 2017). Globally, it is estimated 
that 2 billion people have a LTBI (Zumla et al., 2013) and that only 5-10% of this group 
develop active TB (World Health Organization, 2017). Although these definitions are 
still used in clinical practice, recent evidence support a spectrum of infection outcomes 
within these two states with considerable host and bacterial heterogeneity and varying 
symptoms (Cadena et al., 2017). Patients with sterilized or well-contained pulmonary 
infection are probably not at risk to experience reactivation of infection, while the group 
of patients with low-grade subclinical LTBI has a considerable higher risk of progression 
into active disease. Additionally, sterile granulomas and granulomas with active disease 
can be present at the same time in a single individual (Cadena et al., 2017; Flynn et al., 
2011). Risk factors for reactivation or fast progression into active TB infection include 
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age, malnutrition and smoking. In addition, diseases affecting the immune response, 
like HIV co-infection, contribute to this risk (Wilkinson et al., 2017).

Despite extensive research efforts, clinical practice still faces many challenges in 
managing the burden of TBM. Diagnosis and treatment are often delayed due to the 
aspecific symptoms during the early stages of disease and suboptimal diagnostic tools, 
while accurate and fast start of treatment is thought to be the most important factor 
determining outcome (Mai and Thwaites, 2016; Thwaites et al., 2013). TBM stage I usually 
starts insidiously in infants, with aspecific symptoms like poor weight gain, low-grade 
fever and general illness. The most prominent factors that differentiate between TBM 
and common illnesses like influenza is duration of symptoms for more than 5 days 
and poor weight gain for weeks to months before presentation in TB endemic areas. 
Nevertheless, symptom persistence often goes unnoticed when patients are examined 
by different health care professionals (Bahr et al., 2016; Thwaites et al., 2013; van Toorn 
et al., 2012; van Well et al., 2009). As the disease progresses from TBM stage II to III, the 
most advanced stage of disease, neck stiffness is almost always present (van Well et al., 
2009) and loss of consciousness, motor paresis and convulsions will follow. A common 
complication of TBM is hydrocephalus and is, together with many other symptoms like 
cranial nerve palsy, brainstem dysfunction, infarctions, and convulsions, associated with 
a poor outcome (van Toorn et al., 2012; van Well et al., 2009). In nearly half of the patients 
diagnosed, TBM is often only considered in the most advanced stage of the disease. This 
results in a high mortality rate of 20% and development of neurological sequelae in at 
least half of TBM survivors (Chiang et al., 2014; Mai and Thwaites, 2016).

Diagnostic approach

Currently, there is no single diagnostic method that is both sufficiently rapid and sensitive 
(Bahr et al., 2016). Extremely supportive in early diagnosis of TBM is neuro-radiological 
imaging. The common three radiological findings in TBM are: 1) Basal meningeal en-
hancement, visible on both CT and MRI (Figure 5A), caused by ‘leaky’ neovascularization 
and inflammation at the base of the brain; 2) Hydrocephalus (Figure 5A), secondary to 
CSF resorption obstruction due to inflammatory exudates; 3) Infarctions, supratentorial 
and in the brain stem (Figure 5A), secondary to obliterative vasculitis (Bernaerts et al., 
2003). Examination of cerebral spinal fluid (CSF) is important for the diagnosis TBM as 
well, but differentiation from bacterial or viral meningitis is often challenging. Sugges-
tive for TBM are low levels of lymphocytes, an increased protein level and a reduced CSF/
blood glucose ratio (van Well et al., 2009). For a certain diagnosis of TBM, bacteriological 
confirmation in CSF is required. However, the paucibacillary nature of TBM results in a 
low sensitivity of CSF microscopy for acid-fast bacilli (<20%) and CSF culture (<50%) 
(Solomons et al., 2015). The WHO argues in favor of the use of Xpert MTB/Rif as TBM 
diagnostic, it is however not favorable to use a single PCR based method as a strategy. 

General Introduction 11



A B

C D

E F

*

Figure 5. CT and MRI of TBM patients
[A] Transverse section of CT scan with various pathological hallmarks seen in TBM patients: basal meningeal 
enhancement (arrows), area with infarction (*) and enlarged ventricles representing hydrocephalus. [B] CT 
scan of TBM patient showing a tuberculoma in the cerebellum (arrow). [C, D] Sagittal (C) and transverse (D) 
sections of T1 weighted MRI, post gadolinium of 4 year, 11 month old TBM patient with large granuloma in 
cerebrum. Blood vessels and pathology with high vascularization appear bright on T1 weighted post gado-
linium images. Pathological processes with increased fluid collection and edema appear dark. [E, F] Coronal 
(E) and transverse (F) sections of T2 weighted MRI of the same patient as C, D. Pathological processes with 
increased fluid collections and edema, as well as cerebrospinal fluid, appear bright on T2 weighted MRI.
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In response to the WHO guidelines, a team of experts has come to the conclusion that 
Xpert MTB/Rif with large CSF volumes in combination with diagnostic tests, clinical find-
ings and if possible radiology is needed to reach the diagnosis as fast as possible and to 
exclude alternative diagnoses (Bahr et al., 2016; Rohlwink et al., 2016).

Preventive strategies

Prevention of TBM is as important as early diagnosis. Almost a century ago, the attenu-
ated Mycobacterium bovis Bacillus Calmette–Guérin (BCG) was developed as vaccine 
against tuberculosis. This vaccine strain has a partial deletion of the esx-1 locus. BCG 
vaccination has shown to be 73% efficient in preventing childhood TBM and miliary 
TB (Trunz et al., 2006; Wilkinson et al., 2017), but is unfortunately not successful in 
preventing pulmonary TB and other forms of mycobacterial disease during adulthood. 
Over the last decades, several preclinical studies showed promising improved vaccine 
candidates, but none turned out to be successful enough at different stages of clinical 
trials (Kaufmann et al., 2014). Additional preventive measures should involve the reduc-
tion of the many risk factors associated with TB and TBM, like poverty, crowded living 
conditions, smoking, hypovitaminosis D and HIV co-infection. Several studies report that 
at least half of the children with TBM were exposed to an adult with proven pulmonary 
TB in the same household (van Well et al., 2009). Once children are exposed, childhood 
tuberculosis can be reduced by administering preventive therapy with isoniazid for 6-9 
months (Kasaie et al., 2014; Van Soelen et al., 2013). This preventive therapy offers good 
protection, but therapy compliance is low due to parents who are discouraged to give 
therapy to a child without any signs of disease (Marais and Schaaf, 2014). Furthermore, 
hypovitaminosis D is a widespread disorder in developing countries and low levels of vi-
tamin D are suggested to be a risk factor for the development of TB and TBM (Arabi et al., 
2010). The association found between sunshine hours and TBM incidence rate in South 
African children supports this hypothesis (Visser et al., 2012). Finally, HIV co-infection 
increases the risk on developing TBM and advanced HIV infection leads to a higher 
morbidity and mortality (Wilkinson et al., 2017). Therefore, the most effective preventive 
strategy against tuberculosis in HIV co-infected individuals is antiretroviral therapy.

Treatment of TBM

TBM treatment of children is currently based on observational studies and clinical 
practice instead of large controlled trials, however a consensus has formed to establish 
a gold standard for treatment. First of all it is of utmost importance to start as early as 
possible. Treatment should include isoniazid and rifampicin and can have potentially 
fatal consequences when interrupted during the first 2 months (Thwaites et al., 2013). 
To prevent relapse, there is a need for long-term treatment, but the optimum treatment 
length is still uncertain. The general recommendation is a duration of 9-12 months, but 
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evidence suggests that intensified therapy in HIV-uninfected patients infected with 
drug-susceptible TB can be safely and effectively administered for 6 months (Heem-
skerk et al., 2016; Jullien et al., 2016; Mai and Thwaites, 2016). An extra challenge is the 
alarming increase in patients infected with multi drug resistant (MDR) and extensively 
drug resistant (XDR) tuberculosis strains. These strains are resistant to first-line drugs or 
resistant to first- and second line drugs respectively (World Health Organisation, 2010).

For the past decade, immunomodulatory therapy as an addition to standard antibiot-
ics, has gained interest. Corticosteroids have proven to reduce short-term mortality and 
are recommended as part of the standard regimen (Donald et al., 2016; Prasad et al., 
2016). The use of thalidomide, a TNFα-inhibitor, can also lead to clinical improvement 
and regression of pathology (Tsenova et al., 1998; van Toorn et al., 2015). The effect of 
immunomodulatory therapy can be explained by its reducing effect on the damaging 
inflammatory response seen in TBM. However, it  has become clear that this therapy is 
not beneficial for each individual patient due to variation in host genetic and immuno-
logical profiles (Thwaites et al., 2013; Tobin et al., 2012).

Outline of this thesis

The aim of the work presented in this thesis is to identify factors that play a role in the 
early pathogenesis of TBM. For this, I am using both the zebrafish infection model and  
human neuropathology .

A model that has proven to be a successful addition to study mycobacterial patho-
genesis is the Danio rerio – Mycobacterium marinum infection model. Zebrafish de-
velop granulomas upon infection with their natural pathogen M. marinum and these 
granulomas are highly similar to the pathology found in human tuberculosis, including 
hypoxia and granulomas with necrotic centers. Furthermore, the translucent zebrafish 
larvae show great opportunities for real-time imaging. Chapter 2 discusses the unique 
features of this model and its contribution to TB research.

Chapter 3 describes the in-depth analysis of a M. marinum mannosyltransferase 
(manT) mutant in the context of innate immunity. This mutant is defective in decorating 
the cell wall glycolipids lipomannan (LM) and lipoarabinomannan (LAM) with α(1→2) 
linked mannose residue(s) and is therefore hypothesized to be attenuated in in vitro and 
in vivo infection models. This mutant was identified during a medium throughput screen 
in order to identify mycobacterial genes involved in granuloma formation. We show that 
manT-mutant bacteria were able to complete the macrophage infection cycle similar 
to wildtype bacteria but nevertheless strongly attenuated after systemic infection of 
zebrafish embryos. Interestingly, attenuation was less prominent in the context of an 
adaptive immune system in adult zebrafish.

In Chapter 4 we describe how the zebrafish-infection model is adapted to address 
the question how this model can be used to study host and pathogen factors involved 
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in pathogenesis of early CNS granuloma formation. We show that different inoculation 
routes result in formation of early granulomas in brain parenchyma and meninges in 
zebrafish larvae in 70-100% of the cases. In addition, 20% of adult zebrafish develop 
mature granulomas in meninges, representing the typical Rich focus. Infection with an 
ESX-1 secretion-deficient M. marinum strain, resulted in an attenuated phenotype, but 
these bacteria were still able to cross the blood-brain barrier and infect brain tissue.

Chapter 5 is a follow-up study of chapter 4 and focuses on the question how M. mari-
num cross the zebrafish BBB to establish infection in brain tissue. We hypothesized that 
mycobacteria can use more than one route to traverse into the CNS. We show that the 
Trojan Horse mechanism, in which mycobacteria use a phagocyte as carrier, is used as 
the predominant migration route of M. marinum to invade brain tissue. In addition, we 
propose a novel type of transcellular migration, whereby virulent M. marinum infect and 
damage endothelial cells of blood vessels in an active, ESX-1 dependent manner.

In Chapter 6 we develop and utilize fluorescent tools to study the development of 
the BBB and blood-choroid plexus (CP) barrier in a living larvae. In order to study this, a 
reporter line using claudin 5a and GFP was generated with BAC recombineering. With 
this new transgenic zebrafish line we could show that claudin 5a expressing cells of the 
CP are ciliated ependymal cell, CP development precedes BBB development and that 
claudin 5a expression occurs simultaneously with angiogenesis.

The addendum of chapter 6 we hypothesize that CNS invasion by M. marinum 
can occur through both the BBB and blood-CP barrier and that claudin5a integrity is 
detrimental for successful traversal. To study this, we use a proof-of-principal study to 
examine the role of Claudin5a in mycobacterial invasion of the CNS. Here we show that 
systemic infection of zebrafish larvae with an intact BBB resulted in mycobacterial CNS 
invasion and that formation of early granulomas occurred predominantly near vessels 
lacking claudin 5a. Furthermore, both systemic and ventricular infection resulted of a 
large proportion of early granulomas to be formed in the CP.

Chapter 7 describes the in-depth analysis of the ESX-1 secretion system by describing 
the functional characterization of the accessory ESX-1 proteins EccA1, EspG1 and EspH. 
The individual ESX-1 components were hypothesized to each have distinctive effects on 
secretion of different ESX-1 substrates, with a subsequent specific effect on virulence. By 
using secretion analysis, in vitro cell infection and in vivo zebrafish infections studies, we 
show indeed that different sets of ESX-1 substrates play different roles at various steps 
of the mycobacterial infection cycle.

In Chapter 8 and 9 we use a historical cohort of neuropathology and blood samples 
of TBM patients to study bacterial and host genetics involved in susceptibility to TBM. An 
analysis of SNPs present in human DNA and its relation with susceptibility and disease 
progression of TBM is presented in Chapter 8. Here we show a correlation between 
specific SNPs found in VEGF and Vitamin D related genes and a poor outcome of TBM. 
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In addition, clinical risk factors for a poor TBM outcome are analyzed in this cohort. 
Next, we hypothesize that specific bacterial strains from the M. tuberculosis complex can 
be linked to development of TBM. The analysis of bacterial strains involved in TBM is 
described in chapter 9. We show that lineage 4 is the predominant lineage present in 
our study population and that infection with more than one lineage occurs in TBM, even 
in young children.

The results of the studies in this thesis are discussed in chapter 10.

General Introduction16



ReFeReNCeS

Abbott, N.J., 2013. Blood-brain barrier structure and function and the challenges for CNS drug delivery. J. 
Inherit. Metab. Dis. 36, 437–449. doi:10.1007/s10545-013-9608-0

Abbott, N.J., Patabendige, A.A.K., Dolman, D.E.M., Yusof, S.R., Begley, D.J., 2010. Structure and function of 
the blood-brain barrier. Neurobiol. Dis. 37, 13–25. doi:10.1016/j.nbd.2009.07.030

Abbott, N.J., Rönnbäck, L., Hansson, E., 2006. Astrocyte-endothelial interactions at the blood-brain bar-
rier. Nat. Rev. Neurosci. 7, 41–53. doi:10.1038/nrn1824

Abdallah, A.M., Gey van Pittius, N.C., DiGiuseppe Champion, P.A., Cox, J., Luirink, J., Vandenbroucke-
Grauls, C.M.J.E., Appelmelk, B.J., Bitter, W., 2007. Type VII secretion--mycobacteria show the way. 
Nat. Rev. Microbiol. 5, 883–91. doi:10.1038/nrmicro1773

Arabi, A., El Rassi, R., El-Hajj Fuleihan, G., 2010. Hypovitaminosis D in developing countries-prevalence, 
risk factors and outcomes. Nat. Rev. Endocrinol. 6, 550–561. doi:10.1038/nrendo.2010.146

Bahr, N.C., Marais, S., Caws, M., Van Crevel, R., Wilkinson, R.J., Tyagi, J.S., Thwaites, G.E., Boulware, D.R., 
2016. GeneXpert MTB/Rif to Diagnose Tuberculous Meningitis: Perhaps the First Test but not the 
Last. Clin. Infect. Dis. 62, 1133–1135. doi:10.1093/cid/ciw083

Barry, C.E., Boshoff, H.I., Dartois, V., Dick, T., Ehrt, S., Flynn, J.A., Schnappinger, D., Wilkinson, R.J., Young, 
D., 2009. The spectrum of latent tuberculosis: Rethinking the biology and intervention strategies. 
Nat. Rev. Microbiol. 7, 845–855. doi:10.1038/nrmicro2236

Be, N. a, Bishai, W.R., Jain, S.K., 2012. Role of Mycobacterium tuberculosis pknD in the pathogenesis of 
central nervous system tuberculosis. BMC Microbiol. 12, 1–12. doi:10.1186/1471-2180-12-7

Be, N.A., Kim, K.S., Bishai, Wi.R., Jain, S.K., 2009. Pathogenesis of Central Nervous System Tuberculosis. 
Curr. Mol. Med. 8, 444–454. doi:10.1158/1940-6207.CAPR-14-0359.Nrf2-dependent

Bernaerts, a, Vanhoenacker, F.M., Parizel, P.M., Van Goethem, J.W.M., Van Altena, R., Laridon, A., De Roeck, 
J., Coeman, V., De Schepper, a M., 2003. Tuberculosis of the central nervous system: overview of 
neuroradiological findings. Eur. Radiol. 13, 1876–1890. doi:10.1007/s00330-002-1608-7

Blacklock, J.W.S., Griffin, M.A., 1935. Tuberculous meningitis in childresn. J. Pathol. Bacteriol. 40, 489–502.
Blanchette, M., Daneman, R., 2015. Formation and maintenance of the BBB. Mech. Dev. 138, 8–16. 

doi:10.1016/j.mod.2015.07.007
Brites, D., Gagneux, S., 2017. Strain Variation in the Mycobacterium tuberculosis Complex: Its Role in 

Biology, Epidemiology and Control, in: Advances in Experimental Medicine and Biology. 
doi:10.1007/978-3-319-64371-7

Cadena, A.M., Fortune, S.M., Flynn, J.L., 2017. Heterogeneity in tuberculosis. Nat. Rev. Immunol. 17, 
691–702. doi:10.1038/nri.2017.69

Carlsson, F., Kim, J., Dumitru, C., Barck, K.H., Carano, R.A.D., Sun, M., Diehl, L., Brown, E.J., 2010. Host-
detrimental role of Esx-1-mediated inflammasome activation in Mycobacterial infection. PLoS 
Pathog. 6, 1–12. doi:10.1371/journal.ppat.1000895

Caws, M., Thwaites, G., Dunstan, S., Hawn, T.R., Lan, N.T.N., Thuong, N.T.T., Stepniewska, K., Huyen, M.N.T., 
Nguyen, D.B., Tran, H.L., et al. J., 2008. The influence of host and bacterial genotype on the de-
velopment of disseminated disease with Mycobacterium tuberculosis. PLoS Pathog. 4, e100034. 
doi:10.1371/journal.ppat.1000034

Chiang, S.S., Khan, F.A., Milstein, M.B., Tolman, A.W., Benedetti, A., Starke, J.R., Becerra, M.C., 2014. Treat-
ment outcomes of childhood tuberculous meningitis: A systematic review and meta-analysis. 
Lancet Infect. Dis. 14, 947–957. doi:10.1016/S1473-3099(14)70852-7

General Introduction 17



Conrad, W.H., Osman, M.M., Shanahan, J.K., Chu, F., Takaki, K.K., 2017. Mycobacterial ESX-1 secretion sys-
tem mediates host cell lysis through bacterium contact-dependent gross membrane disruptions. 
Proc. Natl. Acad. Sci. 114, 1371–1376. doi:10.1073/pnas.1620133114

Davis, J.M., Ramakrishnan, L., 2009. The role of the granuloma in expansion and dissemination of early 
turberculous infection. Cell 136, 37–49. doi:10.1016/j.cell.2008.11.014.The

Dissanayeke, S.R., Levin, S., Pienaar, S., Wood, K., Eley, B., Beatty, D., Henderson, H., Anderson, S., Levin, 
M., 2009. Polymorphic variation in TIRAP is not associated with susceptibility to childhood TB 
but may determine susceptibility to TBM in some ethnic groups. PLoS One 4, e6698. doi:10.1371/
journal.pone.0006698

Donald, P.R., Schaaf, H.S., Schoeman, J.F., 2005. Tuberculous meningitis and miliary tuberculosis: the Rich 
focus revisited. J. Infect. 50, 193–195. doi:10.1016/j.jinf.2004.02.010

Donald, P.R., Van Toorn, R., Fitzpatrick, M., Lammie, G., Hewlett, R., Schoeman, J., Donald, P., Prasad, K., 
Volmink, J., Menon, G., et al., 2016. Use of corticosteroids in tuberculous meningitis. Lancet 387, 
2585–2587. doi:10.1016/S0140-6736(16)30770-X

Flynn, J.L., Chan, J., Lin, P.L., 2011. Macrophages and control of granulomatous inflammation in tubercu-
losis. Mucosal Immunol. 4, 271–278. doi:10.1038/mi.2011.14

Gao, L.-Y., Guo, S., McLaughlin, B., Morisaki, H., Engel, J.N., Brown, E.J., 2004. A mycobacterial virulence 
gene cluster extending RD1 is required for cytolysis, bacterial spreading and ESAT-6 secretion. 
Mol. Microbiol. 53, 1677–1693. doi:10.1111/j.1365-2958.2004.04261.x

Gröschel, M.I., Sayes, F., Simeone, R., Majlessi, L., Brosch, R., 2016. ESX secretion systems: mycobacterial 
evolution to counter host immunity. Nat. Publ. Gr. 14, 677–691. doi:10.1038/nrmicro.2016.131

Hawkins, B.T., Davis, T.P., 2005. The Blood-Brain Barrier / Neurovascular Unit in Health and Disease. Phar-
macol. Rev. 57, 173–185. doi:10.1124/pr.57.2.4.173

Hawn, T.R., Dunstan, S.J., Thwaites, G.E., Simmons, C.P., Thuong, N.T., Thi, N., Lan, N., Quy, H.T., Thi, T., Chau, 
H., et al., 2006. A polymorphism in toll-interleukin 1 receptor domain containing adaptor protein 
is associated with susceptibility to meningeal tuberculosis. J. Infect. Dis. 194, 1127–1134.

Heemskerk, A.D., Bang, N.D., Mai, N.T.H., Chau, T.T.H., Phu, N.H., Loc, P.P., Chau, N.V. V, Hien, T.T., Dung, N.H., 
et al., 2016. Intensified Antituberculosis Therapy in Adults with Tuberculous Meningitis. N. Engl. J. 
Med. 374, 124–34. doi:10.1056/NEJMoa1507062

Houben, D., Demangel, C., van Ingen, J., Perez, J., Baldeón, L., Abdallah, A.M., Caleechurn, L., Bottai, D., van 
Zon, M., de Punder, K., et al., 2012. ESX-1-mediated translocation to the cytosol controls virulence 
of mycobacteria. Cell. Microbiol. 14, 1287–1298. doi:10.1111/j.1462-5822.2012.01799.x

Jullien, S., Ryan, H., Modi, M., Bhatia, R., 2016. Six months therapy for tuberculous meningitis. Cochrane 
Database Syst. Rev. 2016. doi:10.1002/14651858.CD012091.pub2

Kasaie, P., Andrews, J.R., Kelton, W.D., Dowdy, D.W., 2014. Timing of tuberculosis transmission and the 
impact of household contact tracing: An agent-based simulation model. Am. J. Respir. Crit. Care 
Med. 189, 845–852. doi:10.1164/rccm.201310-1846OC

Kaufmann, S.H.E., Lange, C., Rao, M., Balaji, K.N., Lotze, M., Schito, M., Zumla, A.I., Maeurer, M., 2014. Prog-
ress in tuberculosis vaccine development and host-directed therapies-a state of the art review. 
Lancet Respir. Med. 2, 301–320. doi:10.1016/S2213-2600(14)70033-5

Kim, K.S., 2008. Mechanisms of microbial traversal of the blood-brain barrier. Nat. Rev. Microbiol. 6, 
625–634. doi:10.1038/nrmicro1952

Lun, M.P., Monuki, E.S., Lehtinen, M.K., 2015. Development and functions of the choroid plexus–cerebro-
spinal fluid system. Nat. Rev. Neurosci. 16, 445–457. doi:10.1038/nrn3921

MacGregor, A.R., Green, C.A., 1935. Tuberculosis of the central nervous system, with special reference to 
tuberculous meningitis. J. Pathol. Bacteriol. 45, 613–645.

General Introduction18



Mai, N.T.H., Thwaites, G.E., 2016. Recent advances in the diagnosis and management of tuberculous 
meningitis. Curr. Opin. Infect. Dis. 29, 1–6. doi:10.1097/QCO.0000000000000331

Marais, B.J., Schaaf, H.S., 2014. Tuberculosis in children, in: Cold Spring Harbor Perspectives in Medicine: 
Tuberculosis. doi:10.1101/cshperspect.a017855

Mattila, J.T., Ojo, O.O., Kepka-Lenhart, D., Marino, S., Kim, J.H., Eum, S.Y., Via, L.E., Barry, C.E., Klein, E., Kirsch-
ner, D.E., Morris, S.M., Lin, P.L., Flynn, J.L., 2013. Microenvironments in Tuberculous Granulomas 
Are Delineated by Distinct Populations of Macrophage Subsets and Expression of Nitric Oxide 
Synthase and Arginase Isoforms. J. Immunol. 191, 773–784. doi:10.4049/jimmunol.1300113

Matty, M.A., Roca, F.J., Cronan, M.R., Tobin, D.M., 2015. Adventures within the speckled band: Heterogene-
ity, angiogenesis, and balanced inflammation in the tuberculous granuloma. Immunol. Rev. 264, 
276–287. doi:10.1111/imr.12273

Nicol, M.P., Sola, C., February, B., Steyn, L., Wilkinson, R.J., Town, C., Africa, S., Rastogi, N., 2005. Distribu-
tion of Strain Families of Mycobacterium tuberculosis Causing Pulmonary and Extrapulmonary 
Disease in Hospitalized Children in Cape Town , South Africa Distribution of Strain Families of 
Mycobacterium tuberculosis Causing Pulmonary and Extrapulmon 43, 9–12. doi:10.1128/
JCM.43.11.5779

Obermeier, B., Daneman, R., Ransohoff, R.M., 2013. Development, maintenance and disruption of the 
blood-brain barrier. Nat. Med. 19, 1584–96. doi:10.1038/nm.3407

Pagan, A.J., Ramakrishnan, L., 2015. Immunity and immunopathology in the tuberculous granuloma, in: 
Cold Spring Harbor Perspectives in Medicine. doi:10.1101/cshperspect.a018499

Palucci, I., Camassa, S., Cascioferro, A., Sali, M., Anoosheh, S., Zumbo, A., Minerva, M., Iantomasi, R., 
De Maio, F., Di Sante, G., et al., 2016. PE-PGRS33 contributes to Mycobacterium tuberculosis 
entry in macrophages through interaction with TLR2. PLoS One 11, 1–15. doi:10.1371/journal.
pone.0150800

Pan, Y., Yang, Z., Liu, R., Xing, L., Peng, Z., Zhu, C., 2015. Host and Microbial Predictors of Childhood 
Extrathoracic Tuberculosis and Tuberculosis Meningitis. Pediatr. Infect. Dis. J. 34, 1289–1295. 
doi:10.1097/INF.0000000000000867

Peng, X., Sun, J., 2017. Mechanism of ESAT-6 membrane interaction and its roles in pathogenesis of 
Mycobacterium tuberculosis. Toxicon 116, 29–34. doi:10.1007/s00210-015-1172-8.The

Prasad, K., Singh, M.B., Ryan, H., 2016. Corticosteroids for managing tuberculous meningitis. Cochrane 
Database Syst. Rev. 2016. doi:10.1002/14651858.CD002244.pub4

Ramakrishnan, L., 2012. Revisiting the role of the granuloma in tuberculosis. Nat. Rev. Immunol. 12, 
352–66. doi:10.1038/nri3211

Rich, A., Thomas, C., 1946. The pathogenesis of meningeal tuberculosis, in: The Pathogenesis of Tubercu-
losis. pp. 882–896.

Rich, A.R., McCordock, H.A., 1933. The pathogenesis of Tuberculous Meningitis. Bull. Johns Hopkins Hosp. 
52, 2–33.

Rock, R.B., Olin, M., Baker, C. a, Molitor, T.W., Peterson, P.K., 2008. Central nervous system tuberculosis: 
pathogenesis and clinical aspects. Clin. Microbiol. Rev. 21, 243–261. doi:10.1128/CMR.00042-07

Rohlwink, U.K., Kilborn, T., Wieselthaler, N., Banderker, E., Zwane, E., Figaji, A.A., 2016. Imaging Features 
of the Brain, Cerebral Vessels and Spine in Pediatric Tuberculous Meningitis With Associated 
Hydrocephalus. Pediatr. Infect. Dis. J. 35, e301–e310. doi:10.1097/INF.0000000000001236

Simeone, R., Bobard, A., Lippmann, J., Bitter, W., Majlessi, L., Brosch, R., Enninga, J., 2012. Phagosomal 
rupture by Mycobacterium tuberculosis results in toxicity and host cell death. PLoS Pathog. 8, 
e1002507. doi:10.1371/journal.ppat.1002507

General Introduction 19



Skerry, C., Pokkali, S., Pinn, M., Be, N. a, Harper, J., Karakousis, P.C., Jain, S.K., 2013. Vaccination with re-
combinant Mycobacterium tuberculosis PknD attenuates bacterial dissemination to the brain in 
guinea pigs. PLoS One 8, e66310. doi:10.1371/journal.pone.0066310

Solomons, R.S., Visser, D.H., Friedrich, S.O., Diacon, A.H., Hoek, K.G.P., Marais, B.J., Schoeman, J.F., Van 
Furth, A.M., 2015. Improved diagnosis of childhood tuberculous meningitis using more than one 
nucleic acid amplification test. Int J Tuberc Lung Dis 19, 74–80. doi:10.5588/ijtld.14.0394

Stoop, E.J.M., Schipper, T., Rosendahl Huber, S.K., Nezhinsky, A.E., Verbeek, F.J., Gurcha, S.S., Besra, G.S., 
Vandenbroucke-Grauls, C.M.J.E., Bitter, W., van der Sar, A.M., 2011. Zebrafish embryo screen for 
mycobacterial genes involved in the initiation of granuloma formation reveals a newly identified 
ESX-1 component. Dis. Model. Mech. 4, 526–536. doi:10.1242/dmm.006676

Stucki, D., Brites, D., Jeljeli, L., Coscolla, M., Liu, Q., Trauner, A., Fenner, L., Rutaihwa, L., Borrell, S., Luo, T., et 
al., 2016. Mycobacterium tuberculosis lineage 4 comprises globally distributed and geographi-
cally restricted sublineages. Nat. Genet. 48, 1535–1543. doi:10.1038/ng.3704

Thuong, N.T.T., Hawn, T.R., Thwaites, G.E., Chau, T.T.H., Lan, N.T.N., Quy, H.T., Hieu, N.T., Aderem, A., Hien, 
T.T., Farrar, J.J., Dunstan, S.J., 2007. A polymorphism in human TLR2 is associated with increased 
susceptibility to tuberculous meningitis. Genes Immun. 8, 422–428. doi:10.1038/sj.gene.6364405

Thwaites, G., Caws, M., Chau, T.T.H., D’Sa, A., Lan, N.T.N., Huyen, M.N.T., Gagneux, S., Anh, P.T.H., Tho, D.Q., 
Torok, E., Nhu, N.T.Q., Duyen, N.T.H., Duy, P.M., Richenberg, J., Simmons, C., Hien, T.T., Farrar, J., 
2008. Relationship between Mycobacterium tuberculosis genotype and the clinical phenotype 
of pulmonary and meningeal tuberculosis. J. Clin. Microbiol. 46, 1363–1368. doi:10.1128/
JCM.02180-07

Thwaites, G.E., van Toorn, R., Schoeman, J., 2013. Tuberculous meningitis: More questions, still too few 
answers. Lancet Neurol. 12, 999–1010. doi:10.1016/S1474-4422(13)70168-6

Tobin, D.M., Roca, F.J., Oh, S.F., McFarland, R., Vickery, T.W., Ray, J.P., Ko, D.C., Zou, Y., Bang, N.D., Chau, 
T.T.H., et al.., 2012. Host genotype-specific therapies can optimize the inflammatory response to 
mycobacterial infections. Cell 148, 434–446. doi:10.1016/j.cell.2011.12.023

Tobin, D.M., Roca, F.J., Ray, J.P., Ko, D.C., Ramakrishnan, L., 2013. An Enzyme That Inactivates the Inflamma-
tory Mediator Leukotriene B4 Restricts Mycobacterial Infection. PLoS One 8, 4–10. doi:10.1371/
journal.pone.0067828

Tobin, D.M., Vary, J.C., Ray, J.P., Walsh, G.S., Dunstan, S.J., Bang, N.D., Hagge, D. a., Khadge, S., King, M.C., 
Hawn, T.R., et al., 2010. The lta4h Locus Modulates Susceptibility to Mycobacterial Infection in 
Zebrafish and Humans. Cell 140, 717–730. doi:10.1016/j.cell.2010.02.013

Trunz, B.B., Fine, P., Dye, C., 2006. Effect of BCG vaccination on childhood tuberculous meningitis and 
miliary tuberculosis worldwide: a meta-analysis and assessment of cost-effectiveness. Lancet 
367, 1173–1180. doi:10.1016/S0140-6736(06)68507-3

Tsenova, L., Sokol, K., Freedman, V.H., Kaplan, G., 1998. A combination of thalidomide plus antibiotics 
protects rabbits from mycobacterial meningitis-associated death. J. Infect. Dis. 177, 1563–1572.

van Crevel, R., Ottenhoff, T.H.M., van der Meer, J.W.M., 2002. Innate immunity to Mycobacterium tubercu-
losis. Clin. Microbiol. Rev. 15, 294–309. doi:10.1128/CMR.15.2.294

van der Flier, M., Hoppenreijs, S., van Rensburg, A.J., Ruyken, M., Kolk, A.H.J., Springer, P., Hoepelman, 
A.I.M., Geelen, S.P.M., Kimpen, J.L.L., Schoeman, J.F., 2004. Vascular Endothelial Growth Factor 
and Blood-Brain Barrier Disruption in Tuberculous Meningitis. Pediatr. Infect. Dis. J. 23, 608–613. 
doi:10.1097/01.inf.0000131634.57368.45

van der Wel, N., Hava, D., Houben, D., Fluitsma, D., van Zon, M., Pierson, J., Brenner, M., Peters, P.J., 2007. M. 
tuberculosis and M. leprae translocate from the phagolysosome to the cytosol in myeloid cells. 
Cell 129, 1287–1298. doi:10.1016/j.cell.2007.05.059

General Introduction20



Van Soelen, N., Du Preez, K., Van Wyk, S.S., Mandalakas, A.M., Enarson, D.A., Reid, A.J., Hesseling, A.C., 
2013. Does an isoniazid prophylaxis register improve tuberculosis contact management in South 
African children? PLoS One 8, 8–12. doi:10.1371/journal.pone.0080803

van Toorn, R., du Plessis, A.M., Schaaf, H.S., Buys, H., Hewlett, R.H., Schoeman, J.F., 2015. Clinicoradiologic 
response of neurologic tuberculous mass lesions in children treated with thalidomide. Pediatr 
Infect Dis J 34, 214–218. doi:10.1097/inf.0000000000000539

van Toorn, R., Springer, P., Laubscher, J. a, Schoeman, J.F., 2012. Value of different staging systems for 
predicting neurological outcome in childhood tuberculous meningitis. Int. J. Tuberc. Lung Dis. 
16, 628–32. doi:10.5588/ijtld.11.0648

van Well, G.T.J., Paes, B.F., Terwee, C.B., Springer, P., Roord, J.J., Donald, P.R., van Furth, A.M., Schoeman, 
J.F., 2009. Twenty years of pediatric tuberculous meningitis: a retrospective cohort study in the 
western cape of South Africa. Pediatrics 123, e1–e8. doi:10.1542/peds.2008-1353

Visser, D.H., Schoeman, J.F., VAN Furth, a M., 2012. Seasonal variation in the incidence rate of tuber-
culous meningitis is associated with sunshine hours. Epidemiol. Infect. 1–4. doi:10.1017/
S0950268812001045

Visser, D.H., Solomons, R.S., Ronacher, K., van Well, G.T., Heymans, M.W., Walzl, G., Chegou, N.N., Schoe-
man, J.F., van Furth, a. M., 2014. Host Immune Response to Tuberculous Meningitis. Clin. Infect. 
Dis. 60, 177–187. doi:10.1093/cid/ciu781

Volkman, H.E., Clay, H., Beery, D., Chang, J.C.W., Sherman, D.R., Ramakrishnan, L., 2004. Tuberculous 
granuloma formation is enhanced by a mycobacterium virulence determinant. PLoS Biol. 2, 
1946–1956. doi:10.1371/journal.pbio.0020367

Wang, J., Huang, Y., Zhang, A., Zhu, C., Yang, Z., Xu, H., 2011. DNA polymorphism of Mycobacterium 
tuberculosis PE_PGRS33 gene among clinical isolates of pediatric TB patients and its associations 
with clinical presentation. Tuberculosis 91, 287–292.

Wilkinson, R.J., Rohlwink, U., Misra, U.K., Van Crevel, R., Mai, N.T.H., Dooley, K.E., Caws, M., Figaji, A., Savic, 
R., Solomons, R., Thwaites, G.E., 2017. Tuberculous meningitis. Nat. Rev. Neurol. 13, 581–598. 
doi:10.1038/nrneurol.2017.120

World Health Organisation, 2010. Multidrug and extensively drug-resistant TB 57, 180–91.
World Health Organization, 2017. Global Tuberculosis Report 2017, WHO. doi:WHO/HTM/TB/2017.23
Xing, L., Liu, R., Li, Q., Peng, Z., Zhu, C., 2012. Clinical and genotypic characteristics of childhood tu-

berculosis in Chongqing, China. Eur. J. Clin. Microbiol. Infect. Dis. 31, 1735–1739. doi:10.1007/
s10096-011-1494-5

Zumla, A., Raviglione, M., Hafner, R., Fordham von Reyn, C., 2013. Tuberculosis. N. Engl. J. Med. 368, 
745–755. doi:10.1056/NEJMra1200894

General Introduction 21


