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Chapter 1

Introduction

I have come to think that
tuberculosis (...) is no special
disease, or not a disease that
deserves a special name, but
only the germ of death itself.

Franz Kafka

An ancient disease

Humans have always cohabited the planet replete with fellow organisms
of diverse species, of various sizes and scales. The genus Mycobacterium
and its paramount representative Mycobacterium tuberculosis are an example
of concomitant evolution of a pathogen with its exclusive host across the
timeline of human prehistory1. Tuberculosis (TB) in humans is a chronic
infection mostly affecting the lungs and is caused by pathogens of the M.
tuberculosis complex (MTBC). Infection occurs via aerosol transmission and
can lead to either latent or active TB disease. While one quarter of the
global population are estimated to be latently infected, defined as a meas-
urable immune response to M. tuberculosis antigens in whole blood, 5-10%
will develop active TB at some time in their lives2. The main symptoms
include cough, fever, night-sweats, and weight loss and effective treatment
for drug-susceptible strains with a combination of four antimicrobials is
available.

TB is an ancient disease. Despite sophisticated molecular techniques,
the discussion about the geographic origin and historic provenance of M.
tuberculosis has not entirely settled. The oldest evidence of human infec-
tion was detected in the 9.000 year-old remains of a woman and infant that
had lived in an early-Neolithic settlement in the Eastern Mediterranean3.
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Chapter 1. Introduction 10

Using molecular tools and verification through lipid biomarker recogni-
tion, five MTBC-specific open reading frames were detected4. During the
Neolithic transition (11.000 - 9.000 years ago) the hunter-gatherer lifestyle
was superseded by agriculture and domestication of animals, evoking dra-
matic changes in all aspects of living5. The associated shift towards per-
manent settlements and more productive means of alimentation allowed
for larger populations6. Crowded communities provided fertile soil for the
aerosol-transmissible disease TB and the ensuing adaptation and persist-
ence of M. tuberculosis within its human host7,8. Concomitant genomic ana-
lyses of M. tuberculosis isolates and human mitochondrial DNA were able
to link MTBC phylogeny with human out-of-Africa migration during the
Neolithic period9. This further underlined the important contribution of in-
creasing host population size and density to the evolutionary success and
transmission of TB.

The members of the MTBC are characterised by a clonal population
structure10,11. Despite their similarities at the nucleotide level, mycobac-
teria have surprisingly distinct and diverse host preferences12. While Smith,
Koch, and von Behring independently proved that M. tuberculosis was avir-
ulent in cattle13-17, M. bovis as cattle pathogen can also cause disease in hu-
mans, notably in places where no bovine TB programs are in place18. The
host specificity and persistence of pathogenic MTBC members is intriguing
and unravelling the ancestry of the MTBC might help to understand the
molecular determinants of its evolutionary success. In the absence of re-
combination and horizontal gene transfer among MTBC strains, the most
recent common ancestor preceding the clonal expansion of the MTBC is
thought to be relatively young19,20. While the ancestor is being dated about
35.000 years ago21-24 other estimations range from 6000 years25 to 70.000
years9, depending on the model used. Notwithstanding these uncertain-
ties, recent research has proposed that the clonal MTBC members have
evolved from a genetically closely related group of tubercle bacilli with
unusual, smooth colony morphology, named after the prominent TB re-
searcher Georges Canetti26, whose laboratory had first isolated them in the
1960’s27. Mycobacterium canettii strains are very rare human patient isol-
ates from the Horn of Africa27, for which genomic analyses have revealed
that they form a non-clonal, highly recombinogenic evolutionary cluster of
tubercle bacilli28. It is thought that extant M. canettii strains are similar to
the putative environmental ancestor from which the more virulent MTBC
members have evolved28. Therefore, the most likely evolutionary scenario
holds that human pathogenic MTBC members evolved from an M. canet-
tii-like progenitor29. The recently identified loss of lipooligosaccharide syn-
thesis during the evolution of the MTBC is only one of the molecular events
that led to the transubstantiation of the environmental M. canettii-like an-
cestor to M. tuberculosis as one of the deadliest pathogens of all time29,30.

11

The myths surrounding tuberculosis

The discovery of M. tuberculosis as the causative agent of TB by Robert Koch
in 1882 heralded a new era in TB history31. At that time, the rapid popu-
lation growth in urbanised conglomerates due to the industrial expansion
across Europe and North America provoked polluted and crowded living
conditions32. TB ravaged among the rapidly urbanising societies claiming
the death of almost every second working-class citizen33. For many cen-
turies, in the absence of scientific affirmation on its aetiology, consumptive
TB disease was regarded as a mysterious affliction34. However, with more
natural phenomena unravelled by the natural sciences, the disease was no
longer perceived as a form of supernatural punishment. As the societal
view of diseases, including TB, transform over the years so did the meta-
phors used for their description35. The prevailing concept of contracting
TB or disease as penalty or retribution was now perceived as expressing
character35. The myth around TB was fuelled by the insidious and incon-
ceivable nature of the disease. In contrast to other illnesses, where clear
explanations on how it could be contracted existed, e.g., syphilis that was
contracted by unethical sexual intercourse; TB could not be ascribed to
one organ, nor surgically treated like a solid tumour34. Faced with this
prevalent and dreadful scourge, society romanticised the disease by pro-
curing TB as a metaphoric analogy for ”delicacy, sensitivity, sadness, [or]
powerlessness”34. The physical correlates of TB disease, bloody cough,
weight loss, sweats were transformed into its spiritual equivalent, con-
sumption. Evoked as the ”poet-killing disease”, artists and writers con-
jured the image of TB as being consumed by the passion of the disease36.
TB was anointed as equivalent to diseased love, as Thomas Mann asserts
in his Zauberberg:

”Symptoms of disease are nothing but a disguised manifestation of
the power of love; and all diseases is only love transformed.”

By providing a scientific explanation for this disease that had informed
phantasies and myths for the last centuries, Koch’s discovery of M. tuber-
culosis precipitated great excitement among the global medical community
and the public alike37. Koch convinced his peers by proving that the tubercle
bacillus was found in infected tissue, could then be isolated and cultured
in vitro, and finally cause disease when given to a laboratory animal38.
These three premises, known has Koch-Henle-Postulates, set the corner-
stone of modern medical microbiology. Eight years later, during a present-
ation at the Tenth International Medical Conference in Berlin in 1890, Koch
announced a remedy for TB39. His tuberculin, a glycerine extract of M.
tuberculosis, failed to show efficacy in a large clinical trial comprising 1769
TB patients despite promising preliminary results40. Yet, the exciting pro-
spect of effective treatment for consumption evoked a pilgrimage of health
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professionals to Berlin to observe tuberculin’s efficacy with their own eyes.
In an article ”Keep away from Berlin” published in the New York Times
on December 9 in 1980, an American doctor reports on his visit to Berlin at
that time:

”The city was full of doctors. There were doctors from England, Scot-
land, France, Austria, and all the other countries of Europe to rein-
force the throng of German medicos who had come to the capital to
learn of this new thing in their art.”

Tuberculin was later refined as a diagnostic tool by Charles Mantoux to
detect latent TB in individuals without symptoms, known as the Mantoux-
or tuberculin-skin-test41. This test is still invaluable for today’s screening
programs despite the advent of modern cytokine release assays. Koch’s
legacy, however, that also acknowledges the discovery of the human patho-
gens Bacillus anthracis and Vibrio cholerae, remains timeless.

Tuberculosis in ’modern’ times

During the dawn of the 20th century, TB incidence sustained its decline that
had already begun in the 19th century42. The drivers of this dramatic reduc-
tion of notified TB cases each year are not fully understood. Attributing this
decline to improved living conditions and nutrition alone fails to explain
the observed epidemiology while other hypotheses around natural selec-
tion of genetically less TB-susceptible people are not entirely conclusive43.
The perception of TB as a transmittable infectious threat initiated the es-
tablishment of sanatoria44. The notion that there are particular places that
were good for those suffering from consumption silently invoked TB as
a new reason for exile, thereby, as Susan Sontag’s puts it in her seminal
book ”Illness as Metaphor”, devising disease as a ”pretext for leisure, and
for dismissing bourgeois obligations (...)”34. Thomas Mann’s protagonist
in Zauberberg searched for cure in the mountains of Davos while Chopin
visited the Mediterranean Islands (La-gerber). The potency of this myth
around TB percolated long into the 20th century and was only dismissed
when vaccination by Albert Calmette and Camille Guérin45, and later the
anti-tubercular efficacy of Streptomycin were established46.

With the introduction of additional antimicrobial agents over the next
years and the advent of highly efficient combination therapy with Isoniazid
(introduced 1952), Rifampicin (1966), Ethambutol (1961) and Pyrazinamide
(1952), the public health community became oblivious to this once com-
mon cause of death. Being perceived as an anachronistic threat, TB treat-
ment and prevention programs fell into chronic underfunding47. These
years of underinvestment contributed to the global health crisis of emer-
ging multidrug-resistant TB (MDR-TB) as for decades no new drugs or vac-
cines were developed48. Soon, reports indicated that MDR-TB was readily
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transmitted as early as in the 1950’s49,50. An outbreak among hospitalised
HIV/AIDS patients exposed the deleterious combination of TB and HIV-
coinfection51. These reports challenge the idea that MDR-TB merely res-
ulted from failed treatment regimens and were early proof that primary
infection with already resistant TB strains can occur50. The rising numbers
of MDR- TB cases once more led to the declaration of TB as a global threat
by the World Health Organization in 199352. It became clear that the TB
epidemic could not be halted without focusing on HIV, and the other way
around53.

In 1998, the first whole genome sequence of M. tuberculosis became avail-
able, unleashing a clear intensification and diversification of TB research54.
Knowing the entire mycobacterial gene set facilitated rational investiga-
tions of their function and pathways of M. tuberculosis biology. Compar-
ative genomics of the closely related M. tuberculosis complex deciphered
the divergent genetic repertoire of the vaccine strain M. bovis BCG, thereby
tracing the molecular events that led to its attenuation and that constitute
key virulence determinants of pathogenic mycobacteria55-57. Study of vari-
able regions in the genomes of M. tuberculosis complex members retyped
the prevailing evolutionary model whereby M. tuberculosis was thought to
have evolved from the cattle pathogen M. bovis21. Instead, this genomic di-
versity resulted from ancient, irreversible events long before mycobacteria
evolved to their respective host specificities. The advent of next genera-
tion sequencing rendered the increasing numbers of available mycobac-
terial genomes amenable to analysis of their global population structure,
at a resolution exceeding conventional molecular typing methods such as
IS6110 sequencing, Multilocus Variable Number Tandem Repeats, or spoli-
gotyping. Disclosing the phylogeographic distribution of the different lin-
eages of M. tuberculosis has provided a comprehensive overview of their
spatial preferences and the emergence of more virulent lineages11,58,59.

Tuberculosis today

While TB incidence is close to extinction in most of Western Europe it re-
mains the ninth leading cause of death worldwide and the foremost cause
of death from a single infectious agent60. In 2017, about 10 million people
contracted the disease causing an estimated 1.3 million deaths. The incid-
ence of MDR-TB continues to rise, notably in post-Soviet Union countries,
amounting to 558.000 new cases last year60. The efficacy of the only li-
censed vaccine, M. bovis BCG, remains contentious. Although protective
against TB meningitis in young children and infants it has not been able
to halt the reemergence of TB and MDR-TB in adults61. The first large,
randomised efficacy trial of a vaccine candidate (MVA85A) since the intro-
duction of BCG failed to show any protection from TB over BCG, despite
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excellent preclinical immunogenicity tests62. The rude awakening that im-
munogenicity does not correlate with efficacy evinces a substantial hurdle
in biomarker and vaccine research. Inherently, this leaves all future trials
that rely on the paradigm of T-cell mediated immunogenicity in TB at risk
for failure. A more recent trial of a subunit vaccine comprising two M.
tuberculosis antigens however was shown to protect latently infected adults
with 54% against active pulmonary TB disease, being the first vaccine can-
didate to display promising efficacy63. It remains puzzling why the vast
majority, about 90%, of latently infected people around the globe remain
in good health throughout their lives2. Equally, there has yet to be a con-
vincing account for the more than 50% mortality among patients treated
for MDR-TB64. It is a profound and unsettling conundrum that this ancient
disease is able to trigger such morbidity and mortality in the 21st century.
The first-ever United Nations General Assembly High-Level Meeting on TB
in September 2018 represented a landmark opportunity to lobby for polit-
ical will, accountable commitment, and the required financial resources to
eventually end TB in our generation.

Outline of this thesis

This thesis aims to describe and contribute to three important obstacles of
successful TB elimination and is thereto divided into three parts. The intro-
ductory Chapter 1 provides a brief historical account of TB and ends with
a snapshot of the current global TB epidemic.

The first part, entitled ”Vaccines”, is dedicated to two major modal-
ities of human immunisation to TB. Prophylactic, preventing infection or
disease and therapeutic, to treat active disease through vaccination. The
currently used vaccine, M. bovis BCG, is a live-attenuated prophylactic vac-
cine which is given after birth and aimed at preventing disease. No other
vaccine has yet been licensed, although the developmental portfolio con-
tains new or revised vaccine candidates in preclinical and clinical evalu-
ation. Chapter 2 preludes this part with a detailed account of mycobac-
terial ESAT-6 protein family secretion (ESX) systems. M. tuberculosis har-
bours up to five of these highly specialised protein export machineries that
are elaborately regulated. Their effectors play significant roles in patho-
genesis, diagnosis of TB, and potentially in vaccine efficacy. Chapter 3 de-
scribes the effect of a functioning ESX system on vaccine performance of a
knock-in recombinant ESX-1-containing BCG strain. The use of an ESX-1
system from a more distantly related mycobacterial species, M. marinum,
allowed the construction of a vaccine candidate that confers improved pro-
tection against TB infection in mice while preserving the attenuated vir-
ulence phenotype of BCG. Chapter 4 focuses on another approach to vac-
cination in TB, namely immunotherapy. Patients undergo months-long an-
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timicrobial treatment once active TB disease has manifested. An immuno-
therapeutic vaccine combined with optimised pharmacotherapy, designed
to enhance the hosts protective immunity, is an approach to shorten treat-
ment duration. A systematic account on the therapeutic vaccines currently
under development is presented in this chapter. Of five candidates, two
show promising preclinical and early clinical benefit that justifies further
in-human trials to test efficacy as primary endpoint. Chapter 5 proposes a
clinical trial protocol to evaluate the safety and immunogenicity of one of
these advanced candidates, RUTI R©.

The second part is introduced by ruminations on the concept of preci-
sion medicine in TB. Chapter 6 describes how the pathogen’s individual
characteristics, i.e. the genotypic drug-resistance profile, can be taken into
account to deliver tailor made treatment to patients. This is of particular
interest in the context of MDR-TB, where genome-based resistance predic-
tion could inform clinicians much faster on which drugs to use compared to
classical phenotypic drug susceptibility testing. The point is made that M.
tuberculosis, in the absence of horizontal gene transfer and low mutational
rate, is the ideal organism to move such concepts forward. An improved
diagnostic algorithm to detect resistance to the two frontline TB drugs Eth-
ambutol and Pyrazinamide is put forward in Chapter 7. Phenotypic drug
susceptibility testing for both drugs is challenging as it yields poorly repro-
ducible results. An integrated approach combining phenotypic tests with
long-read PCR sequencing, or whole genome sequencing, of the resistance-
conferring genes was shown to produce better results.

In part three the focus is redirected to co-morbidities of TB infection
and treatment. Chapter 8 describes a cohort of TB patients in New Delhi
slums that were offered voluntary glucose measurements as chronic hyper-
glycaemia is a well-known risk factor for TB. The Not-for-profit organisa-
tion OperationASHA provides treatment to underprivileged patients that
otherwise do not receive standard care through the national health care sys-
tem. By using biometric methods such as fingerprints to supervise directly
observed therapy OperationASHA employs innovative technologies in re-
source poor settings to improve TB treatment. In this chapter the feasibility
of random glucose testing in this population is evaluated which was pro-
posed as first step of a two-step diagnostic algorithm to diagnose diabetes
among TB patients. Chapter 9 describes two patients treated for MDR-
TB who suffered superinfection with drug-resistant Klebsiella pneumoniae.
This illustrates the significant risk of complicating the lengthy treatment for
MDR-TB by superinfection with other bacteria. For the two patients, treat-
ment had to be halted and the intravenous port was removed as this was
the likely source of infection. Chapter 10 is dedicated to Stenotrophomonas
maltophilia as an emerging, multi-drug resistant, opportunistic pathogen
in the hospitalised and/or immunocompromised patient. By analysing a
large collection of human-pathogenic isolates using a newly created whole
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knock-in recombinant ESX-1-containing BCG strain. The use of an ESX-1
system from a more distantly related mycobacterial species, M. marinum,
allowed the construction of a vaccine candidate that confers improved pro-
tection against TB infection in mice while preserving the attenuated vir-
ulence phenotype of BCG. Chapter 4 focuses on another approach to vac-
cination in TB, namely immunotherapy. Patients undergo months-long an-
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timicrobial treatment once active TB disease has manifested. An immuno-
therapeutic vaccine combined with optimised pharmacotherapy, designed
to enhance the hosts protective immunity, is an approach to shorten treat-
ment duration. A systematic account on the therapeutic vaccines currently
under development is presented in this chapter. Of five candidates, two
show promising preclinical and early clinical benefit that justifies further
in-human trials to test efficacy as primary endpoint. Chapter 5 proposes a
clinical trial protocol to evaluate the safety and immunogenicity of one of
these advanced candidates, RUTI R©.

The second part is introduced by ruminations on the concept of preci-
sion medicine in TB. Chapter 6 describes how the pathogen’s individual
characteristics, i.e. the genotypic drug-resistance profile, can be taken into
account to deliver tailor made treatment to patients. This is of particular
interest in the context of MDR-TB, where genome-based resistance predic-
tion could inform clinicians much faster on which drugs to use compared to
classical phenotypic drug susceptibility testing. The point is made that M.
tuberculosis, in the absence of horizontal gene transfer and low mutational
rate, is the ideal organism to move such concepts forward. An improved
diagnostic algorithm to detect resistance to the two frontline TB drugs Eth-
ambutol and Pyrazinamide is put forward in Chapter 7. Phenotypic drug
susceptibility testing for both drugs is challenging as it yields poorly repro-
ducible results. An integrated approach combining phenotypic tests with
long-read PCR sequencing, or whole genome sequencing, of the resistance-
conferring genes was shown to produce better results.

In part three the focus is redirected to co-morbidities of TB infection
and treatment. Chapter 8 describes a cohort of TB patients in New Delhi
slums that were offered voluntary glucose measurements as chronic hyper-
glycaemia is a well-known risk factor for TB. The Not-for-profit organisa-
tion OperationASHA provides treatment to underprivileged patients that
otherwise do not receive standard care through the national health care sys-
tem. By using biometric methods such as fingerprints to supervise directly
observed therapy OperationASHA employs innovative technologies in re-
source poor settings to improve TB treatment. In this chapter the feasibility
of random glucose testing in this population is evaluated which was pro-
posed as first step of a two-step diagnostic algorithm to diagnose diabetes
among TB patients. Chapter 9 describes two patients treated for MDR-
TB who suffered superinfection with drug-resistant Klebsiella pneumoniae.
This illustrates the significant risk of complicating the lengthy treatment for
MDR-TB by superinfection with other bacteria. For the two patients, treat-
ment had to be halted and the intravenous port was removed as this was
the likely source of infection. Chapter 10 is dedicated to Stenotrophomonas
maltophilia as an emerging, multi-drug resistant, opportunistic pathogen
in the hospitalised and/or immunocompromised patient. By analysing a
large collection of human-pathogenic isolates using a newly created whole
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genome multilocus sequence typing scheme new insights into the intraspe-
cies diversity and geographic distribution were obtained. Chapter 11 aims
to summarise and discuss the findings of this thesis, and seeks to put them
into context with recent advances in M. tuberculosis research.
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41. Mantoux, C. & Others. Intradermo-réaction de la tuberculine. Comptes rendus de l’Académie
des sciences, Paris 147, 355–357 (1908).

42. Grigg, E. R. N. The arcana of tuberculosis with a brief epidemiological history of the disease in
the USA. Am Rev Tuberc Pulm Dis 78, 151–172 (1958).

43. Wilson, L. G. The historical decline of tuberculosis in Europe and America: its causes and
significance. J. Hist. Med. Allied Sci. 45, 366–396 (1990).

44. Greenwood, M. Epidemics and Crowd Diseases. London: Williams and Norgate Ltd. (1935).

45. Calmette, A., Guerin, C. & Weill-Halle, B. Essai d’immunisation contre l’infection tuberculeuse.
Bull. Acad. Med. 91, 787–796 (1924).

46. Schatz, A., Bugle, E. & Waksman, S. A. Streptomycin, a Substance Exhibiting Antibiotic Activity
Against Gram-Positive and Gram-Negative Bacteria. Proc. Soc. Exp. Biol. Med. 55, 66–69
(1944).

47. Kaufmann, S. H. E. & Parida, S. K. Changing funding patterns in tuberculosis. Nat. Med. 13,
299–303 (2007).

48. Keshavjee, S. & Farmer, P. E. Tuberculosis, drug resistance, and the history of modern medicine.
N. Engl. J. Med. 367, 931–936 (2012).

49. Fox, W., Wiener, A., Mitchison, D. A., Selkon, J. B. & Sutherland, I. The prevalence of drug-
resistant tubercle bacilli in untreated patients with pulmonary tuberculosis: A national survey,
1955–56. Tubercle 38, 71–84 (1957).

50. Steiner, M., Chaves, A. D., Lyons, H. A., Steiner, P. & Portugaleza, C. Primary drug-resistant
tuberculosis. Report of an outbreak. N. Engl. J. Med. 283, 1353–1358 (1970).

51. Edlin, B. R. et al. An outbreak of multidrug-resistant tuberculosis among hospitalized patients
with the acquired immunodeficiency syndrome. N. Engl. J. Med. 326, 1514–1521 (1992).

52. World Health Organization. Tuberculosis: A Global Emergency. (WHO, 1994).

53. Chretien, J. Tuberculosis and HIV. The cursed duet. Bull. Int. Union Tuberc. Lung Dis. 65,
25–28 (1990).

54. Cole, S. T. et al. Deciphering the biology of Mycobacterium tuberculosis from the complete gen-
ome sequence. Nature 393, 537–544 (1998).

55. Mahairas, G. G., Sabo, P. J., Hickey, M. J., Singh, D. C. & Stover, C. K. Molecular analysis of
genetic differences between Mycobacterium bovis BCG and virulent M. bovis. J. Bacteriol. 178,
1274–1282 (1996).

56. Behr, M. A. et al. Comparative genomics of BCG vaccines by whole-genome DNA microarray.
Science 284, 1520–1523 (1999).

57. Brosch, R. et al. Comparative genomics uncovers large tandem chromosomal duplications in
Mycobacterium bovis BCG Pasteur. Yeast 17, 111–123 (2000).

58. Merker, M. et al. Evolutionary history and global spread of the Mycobacterium tuberculosis
Beijing lineage. Nat. Genet. 47, 242–249 (2015).

59. Gagneux, S. Ecology and evolution of Mycobacterium tuberculosis. Nat. Rev. Microbiol. 16,
202–213 (2018).

19

60. World Health Organization. Global Tuberculosis Report. (WHO, 2018).

61. Zhu, B., Dockrell, H. M., Ottenhoff, T. H. M., Evans, T. G. & Zhang, Y. Tuberculosis vaccines:
Opportunities and challenges. Respirology 23, 359–368 (2018).

62. Tameris, M. D. et al. Safety and efficacy of MVA85A, a new tuberculosis vaccine, in infants
previously vaccinated with BCG: a randomised, placebo-controlled phase 2b trial. Lancet 381,
1021–1028 (2013).

63. Van Der Meeren, O. et al. Phase 2b Controlled Trial of M72/AS01E Vaccine to Prevent Tuber-
culosis. N. Engl. J. Med. 379, 1621–1634 (2018).

64. Guenther, G. et al. Treatment Outcomes in Multidrug-Resistant Tuberculosis. N. Engl. J. Med.
375, 1103–1105 (2016).



Chapter 1. Introduction 18
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