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Tuberculosis

Tuberculosis (TB) is an infectious disease that has haunted mankind for thousands of 
years. TB is caused by Mycobacterium tuberculosis (Mtb) 1. Around one third of the world 
population today is infected with Mtb, of which around 9 million people develop active TB 
annually, and the prevalence of TB has been estimated at around 12 million. In 2014 alone, 
approximately 1.3 million people died from TB 2. Moreover, those who survive often have 
impaired quality of life and reduced life expectancy due to severe sequelae – an effect of TB 
that is not captured by any statistical estimate 3. 

In the Netherlands, an affluent country, the decline in prevalence and in incidence of TB 
started in the past century, long before modern drug treatment was introduced after World 
War II. After the introduction of drug treatment, the downward slope of the incidence and 
prevalence curves became steeper, and between the year 2000 and 2014, the number of 
newly detected cases has gradually dropped to below 850 per annum. Like in most other 
countries in the affluent parts of the world, TB has become an import disease; the vast 
majority of current patients were born outside the Netherlands, in regions of the world 
where TB is still endemic 4.

Mycobacterium tuberculosis complex

The causative organism of TB, Mtb, does not survive for more than a few hours in most 
environments; the human host is its main obligatory reservoir. Our current understanding 
is that both Mtb and mankind originated from ancestral populations in sub-Sahara Africa 5. 

Mtb accompanied its host out of Africa, especially during the Neolithic Demographic 
Transition and less during earlier human expansion events 5. Mtb, like men, differentiated 
into seven different lineages. These lineages are correlated with the migration of men to 
different parts of the world. Mtb strains of these lineages had a kind of co-evolution together 
with man. The new lineages of Mtb are less well adapted to their natural host and are perhaps 
therefore likely more virulent than the old lineages; for Beijing strains however, increased 
virulence is still debated 5–7. 

Apart from TB caused by Mtb, humans may develop TB as a result of infection with closely 
related organisms from the species Mtb – referred to as Mtb complex. The mycobacteria 
from the Mtb complex probably have the same ancestor, referred to as the most recent 
common ancestor (MRCA) 8. This MRCA of the whole Mtb complex was probably a human 
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Mtb strain, which evolved to animal-adapted strains; for example M. bovis has a smaller 
chromosome than Mtb 9. The MRCA of the different species of mycobacteria may change 
over time as lineages die out and the population evolves. Most of the mycobacteria species 
within the Mtb complex do not have humans as their natural reservoir. If humans become 
infected and subsequently develop TB disease, their infecting organisms are considered 
zoonotic: their infection is then acquired from an animal reservoir. As these organisms are 
so closely related to Mtb, and the organisms are so well adapted to human hosts, patients 
infected with these organisms may in turn transmit the organisms to other human hosts, 
and their disease is therefore considered TB 8. Table 1 shows the different species of Mtb 
complex, with their natural hosts.    

Table 1 Mtb complex species and natural hosts

Mycobacteria species Natural host

M. tuberculosis Human

M. africanum Human

M. bovis Cattle

M. microti Vole

M. caprae Cattle and goat

M. canetti Unknown

M. pinepedii Seal

M. mungi Mongooses

M. orygis Antilopes

TB is a notifiable disease under Dutch law, irrespective of the species within Mtb complex 10, 
implicating that the authorities must be notified. This contrasts with infections caused by 
non-tuberculosis mycobacteria (NTM). NTM reflect a wide range of other – environmental 
– mycobacteria that may occasionally infect humans. This can be because of anatomical 
anomalies in affected organs – usually, the lungs, or as a result of severe immune compression, 
such as advanced stage HIV infection with extremely low CD4+ helper cell counts (typically, 
below 50/μL). Patients with bronchiectasis or other forms of structural lung disease may 
develop NTM infections that may mimic TB, with upper lobe cavities; or bronchiectatic 
abnormalities and nodular densities 11,12. Although potentially detrimental for those affected, 
these environmental organisms are not transmitted among vertebrate hosts. 
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Pathogenesis and dormant status 

Infection of Mtb is through inhaling Mtb containing aerosols. After inhalation, alveolar 
macrophages and bronchial dendritic cells phagocytize the mycobacteria.  

These macrophages normally kill the Mtb intracellularly through fusion of the vacuole of 
the macrophage with lysozyme. If this fusion is blocked, Mtb survives and persists in the 
macrophage. The infected macrophage regulates formulation of granuloma via several 
pathways in a complex immune reaction 13–15. Granulomas are considered the host sites where 
the host immune response controls the Mtb organisms that persist in a low metabolic and 
slowly replicative state, called dormancy 16. Dormancy can be triggered by several different 
stress factors including hypoxia and host immune surveillance. A genetic program of Mtb 
called the dormancy survivor R regulon operates this process; the dosR regulon gene was 
discovered at the time the Mtb genome was first sequenced 17. This state is usually called 
latent tuberculosis infection (LTBI) 18,19. If the host immune surveillance fails, Mtb organisms 
switch back into a metabolically active state and the organisms start replicating, resulting in 
reactivated TB. Around 10% of the people with LTBI will get active TB during their lifetime 
– around 5% will develop active disease within the first two years after initial infection and 
approximately 5% for their remaining lifetime 20. The risk of reactivation of TB increases 
if a person is immune compromised 21, such as persons with HIV co-infection or persons 
with rheumatoid arthritis or Crohn’s disease 21. The treatment for the two latter conditions, 
like TNF alpha inhibitors, can cause severe immune compression as well 22. However most 
people that develop active disease in the affluent world do not have an inborn or acquired 
defect in their cell-mediated immunity; they are genetically susceptible to develop TB 23,24. 
To detect LTBI there are 3 immunological tests nowadays 19. The first is the tuberculin skin 
test (TST), a diagnostic tool developed more than a century ago. The TST contains a crude 
mixture of antigens present in Mtb complex, M bovis BCG and several NTM, causing cross 
reactivity with the latter species 25,26. The two other tests are both interferon gamma release 
assays (IGRAs), which are commercially available as the QuantiFERON-TB Gold In-Tube 27 
and the T-SPOT-TB 28. Both were introduced early in the 21st century. The IGRAs targets 
the ESAT6 and CFP10 proteins (and TB7.7 for the QuantiFERON-TB Gold In-Tube), which 
are more specific for the MTB complex, and are therefore supposed to be more specific for 
detecting LTBI compared to the TST 25,29,30. The immunological tests are used for several 
indications. Mostly they are used to detect possible LTBI 26,30,31, including patients who will 
be immune compromised due to future treatment 29,32–35 or within health care workers 36, or 
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for tracing of contacts of an index case of TB 37. The tests are not developed nor fit to detect 
active TB, though occasionally they are used as circumstantial evidence 38–40.

Mtb is able to travel within the body of its host through the lymphatic and circulatory 
system, both directly after infection but also after reactivation. Manifestations of TB can 
be pulmonary (PTB), extra-pulmonary TB (EPTB) or both PTB and EPTB. In immune 
competent individuals, the ratio between PTB and EPTB is between 2/3 to 1/3. In immune 
compromised individuals EPTB is more common. TB commonly affects the lungs, the 
pleurae and the lymph nodes. TB of the spine and the central nervous system is less common. 
The latter manifestation gives serious sequelae in high percentages 41–43.

Genome of Mtb and its importance in transmission of Mtb

In 1998 Cole et al. published the whole genome sequence of Mtb. They used the best-
characterized strain, H37Rv. They showed that Mtb consists of around 4,000 genes and 
contains 4,411,529 base pairs with a Guanine + Cytosine content of 65.6% 17.

The technique of whole genome sequencing (WGS) has now gradually become more 
affordable and attainable for tracing of transmission of Mtb. Through the technique of 
WGS it became apparent that most strains have small variations in the genome referred 
to as Single Nucleotide Polymorphisms (SNPs). With this approach of WGS and through 
the variations in SNPs it is not only possible to better understand the cluster and route of 
transmission but also its timeline 44,45. 

Understanding transmission of Mtb is of imminent importance in TB control strategies. WGS 
is superior to conventional genotyping techniques for Mtb tracing and investigating outbreaks 
or epidemics 45. However, the conventional genotyping techniques (‘genetic fingerprinting’) 
are more widely available and much more affordable than WGS. Conventional genotyping 
techniques still in use are spoligotyping, IS6110 Restriction Fragment Length Polymorphism, 
and Variable Number of Tandem Repeats (VNTR) 46–49. People (and therefore patients) travel 
around the world; the index case can be an alive or dead person from all around the world. 
Index sources are not necessarily only humans 50,51 and thus worldwide databases will be 
necessary for storage of genotyping results. 
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Diagnosis of TB

Diagnosing TB starts with a clinical suspicion. Subsequently, diagnostic confirmation is 
required, and diagnostic sampling from the affected site is critically important for the 
correct diagnosis, and for susceptibility testing. Several microbiological techniques for the 
diagnosis of Mtb are are available. Direct microscopy can be performed by using either a 
staining technique distinguishing mycobacteria from other bacteria, using a decolouration 
with acid alcohol, e.g., Ziehl-Neelsen staining or using a fluorescence staining which can 
be detected by a light-emitting diode (LED) microscope, this technique is preferred by the 
WHO since a couple of years 52. Culturing of Mtb needs decontamination techniques to stop 
rapidly growing bacteria and fungi. Liquid media have replaced solid culture media with 
considerable improvement of laboratory return time and improved sensitivity compared to 
solid media. If there is a suspicion of non-tuberculosis mycobacterial, solid media should 
always be used 53.

TB media enriched with nutrients that allow mycobacteria to grow. After its invention in 
the 1980s the polymerase chain reaction (PCR) became available for diagnosing TB usually 
targeting a non-coding insertion sequence (IS) with multiple copies present in most strains 
of Mtb, called IS6110 54–56. A disadvantage is that Mtb strains can have zero copies of IS6110, 
which has already been described in India and Vietnam 57,58. As far as we know, data of 
the number of copies of IS6110 in the strains in China is lacking. Today, many different 
commercial and in-house PCRs are available 59–63. Neither the microscopy techniques showing 
presence of acid-fast bacilli, nor PCR techniques showing the presence of Mtb genome are 
able to distinguish alive from dead bacilli. Though recent results studying viability staining or 
using mRNA to discriminate between viable and dead bacilli are promising, further research 
needs to be done 64,65. Interpretation of the microscopy and the PCR requires prudent critical 
review of the patients’ treatment history, careful interpretation of clinical and imaging data, 
to distinguish active TB from old, healed disease; culture of Mtb is still the gold standard for 
diagnosing TB. A cultured isolate can subsequently be tested for drug susceptibility. Today 
two molecular techniques are available for testing drug susceptibility as well. One is a line-
probe assay which test the sensitivity to the two most important anti-TB drugs, isoniazid 
and rifampicin 66,67 and the other test, a PCR assay, can detect molecular resistance against 
rifampicin 68–71. This test is called the Xpert MTB/RIF and is currently distributed worldwide 
which makes the Xpert MTB/RIF more and more frequently used in diagnosing (resistant) 
TB all over the world 72. The first studies have now been published using WGS to detect 
genetic resistance patterns before phenotypic susceptibility is known 73–75.
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Anti TB treatment 

Patients harbouring drug-susceptible Mtb can be treated with the most potent drugs against 
TB, the so-called first line anti TB drugs (FLD). By definition, patients with Mtb resistant for 
isoniazid and rifampicin have multidrug resistant TB (MDR-TB) 76,77. Treatment of MDR-
TB consists of second-line anti TB drugs (SLD). The WHO categorizes anti TB drugs in 5 
groups; group 1 consists of the first-line anti TB drugs. SLD are categorized in groups 2 to 5. 
Group 2 are the so-called injectables, amikacin, kanamycin and capreomycin. Group 3 are 
the fluoroquinolones, including the potent agent moxifloxacin 78. The group 4 drugs include 
the oral, weak SLD, e.g. ethionamide, prothionamide and cycloserin. Group 5 consists of SLD 
with less known efficacy, toxicity and tolerability and they count for half a drug. Examples are 
linezolid, clarithromycin, co-trimoxazole, clofazimine and meropenem. In its programmatic 
treatment against MDR-TB the WHO advises that the first choice regimen should 
include at least pyrazinamide, a fluoroquinolone, an injectable and two group 4 drugs 79. 
In the Netherlands we use a slightly different guideline based on susceptibility results 80. 
Our intention is to use drugs that are proven to be effective for the strains. We also measure 
the levels of the drugs in the serum, called Therapeutic Drug Monitoring (TDM). TDM as 
standard practice has not been included in the WHO TB treatment recommendations to 
date. TDM addresses the combination of pharmacokinetics (PK) and pharmacodynamics 
(PD) where PK describes the absorption, distribution, metabolism and elimination of the 
drug in the human host and PD, in case of TB, describes how the drug in the human host 
targets Mtb. By optimizing treatment, the risk of toxicity in individual patients is decreased 
while efficacy has been maintained 81, or even improved 82. However, there is a strong need 
for generally accepted target values for PK/PD for TB or MDR-TB treatment.

Bronchiectasis

Infamous sequelae of pulmonary TB are bronchiectasis (BE). BE due to TB is becoming 
rare in the Netherlands due to decreasing incidence of TB, but worldwide TB is still a 
very important aetiology of BE. The most common cause of BE in the developed world 
nowadays is cystic fibrosis (CF). BE is a condition of the lungs which is associated with 
recurrent infections with a wide variety of microorganisms. One of these microorganisms is 
Pseudomonas aeruginosa, which colonizes the airways. Pseudomonas aeruginosa is known to 
cause more exacerbations of the BE thereby causing increased impairment and deterioration 
of lung function and deterioration of quality of life 83–92. Preventing these exacerbations by 



Chapter 1

14

inhalation of antibiotics is current practice nowadays both for patients with CF BE and 
non-CF BE. Preventing exacerbations has proven its efficacy in patients with CF BE; the 
mean survival of this population increased from the 1980s mostly due to strict antibiotic 
treatment having become more standard practice, including inhalation of tobramycin and 
colistin. This exacerbation reduction by strict antibiotic regimens has not yet been as firmly 
positioned in the guidelines for patients with non-CF BE.

Inhalation of antibiotics

Inhalation of medicine is well known and it has been used as a route of drug treatment for 
more than 4,000 years. Inhalation of an anti TB-drug was described for the first time in 
1950. This study was performed in young children and blood levels were measured after 
inhalation. These blood levels were not considered sufficiently high to influence the course 
of the disease 93.  

Nowadays, inhalation of antibiotics is most common among patients with CF. Starting 
in the 1980s, most of the research on inhalation of antibiotics has been conducted in this 
population 94–96. Patients with non-CF bronchiectasis have increasingly been treated with 
inhaled antibiotics as well. The patient group with non-CF bronchiectasis is perhaps more 
heterogeneous, with many different aetiologies 84,88. 

Inhalation of the antibiotics can be done either by nebulisation or by dry powder inhalation. 
The latter system has increasingly been explored in the last decade 97–104, and these devices 
have now become commercially available for treatment. The benefits of inhalation by dry 
powder are shorter time of intake, possibly less risky for contamination compared to using 
nebuliser, and perhaps more efficacious due to a higher deposition of aerosolised drug 
at the site of infection. The difference in drug deposition between individuals using the 
same device is unclear. However, the individual inhalation profile is repeatable after one 
inhalation per person [unpublished data, personal communication Paul Hagedoorn]. This 
quality makes it easier to predict both the benefits and the side effects for a single person. 
Side effects of inhalation of aminoglycosides are both local, like cough or an unpleasant 
taste in the mouth, as well as those of systemic treatment 101,104,105. 
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Aims and outline of the thesis

In chapter 2 we perform diagnostic studies of tuberculosis. In the first study of chapter 
2 we look for the most sensitive polymerase chain reaction (PCR) detection method by 
comparing 14 different assays for the detection of Mtb. In the second study of chapter two 
we evaluate a new method of using variable number of tandem repeats (VNTR) in the 
molecular epidemiology and its sensitivity compared to PCR assays. 

In chapter 3 we study epidemiologic aspects of tuberculosis. In the first part of the third 
chapter transmission between a non-human primate held in captivity to human contacts 
is studied. We aim to provide evidence of this route of transmission using spoligotyping 
results. In the second part of the third chapter a case with human M. bovis is described. 
The route of transmission is studied using both epidemiological and fingerprinting results 
and furthermore we also explore the utility of an IGRA for contract tracing in an outbreak 
around this case of human M. bovis.

In chapter 4 we look at pharmacokinetic aspects of tuberculosis. In the first part of the 
fourth chapter we study the blood- and lung tissue concentrations of the second-line anti-
TB drugs of a patient with MDR-TB. 

In a letter to the editor in the second part of the fourth chapter we discuss other potential 
contributing beneficial factors to treatment results of TB meningitis. 

Finally, in another letter to the editor as the third part of the fourth chapter we discuss 
optimized use of PK/PD as parameters to predict treatment outcome in clinical studies. 

Chapter 5 is about dry powder inhaled antibiotics. In the first study we aim to develop a model 
that can predict the systemic absorption after inhalation of dry powder aminoglycosides. 
We propose the use of this model for drug dosing in future studies in conjunction with an 
optimized inhalation device. In the second study of this chapter we study a novel device, 
called the Cyclops, especially developed for inhalation aminoglycosides. This study is the 
first with the Cyclops and we test the local tolerability and the pharmacokinetics of dry 
powder tobramycin using the Cyclops in patients with non-CF BE. 

Chapters 6 and 7: in these chapters a summary of the studies presented in the thesis is 
provided and the clinical impact with future perspectives are discussed.
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