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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was superseded by agriculture and domestication of animals, evoking dra-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

13

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



Chapter 1. Introduction 12

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
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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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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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Abstract

Mycobacterium tuberculosis uses sophisticated secretion systems, named 6 kDa
early secretory antigenic target (ESAT6) protein family secretion (ESX) or
type VII secretion systems, to export a set of effector proteins that helps the
pathogen to resist or evade the host immune response. Since the discov-
ery of the esx loci during the M. tuberculosis H37Rv genome project, struc-
tural biology, cell biology and evolutionary analyses have advanced our
knowledge of the function of ESX systems. In this Review, we highlight the
intriguing roles that these studies have revealed for ESX systems in bac-
terial survival and pathogenicity during infection with M. tuberculosis and
discuss the diversity of ESX systems that has been described among myco-
bacteria and selected non-mycobacterial species. Finally, we consider the
potential for the application of our knowledge of ESX systems in the devel-
opment of novel or alternative strategies for the treatment and prevention
of disease.
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Key points

• 6 kDa early secretory antigenic target (ESAT6) secretion systems (ESX;
also known as type VII secretion systems) are sophisticated secretion
systems that are present in a wide variety of mycobacterial and non-
mycobacterial members of the phylum Actinobacteria.

• The ESX-1 system of Mycobacterium tuberculosis is the most well-studied
ESX system, owing to its important function in virulence, which is
linked - at least in part - to the ability of one of its secreted effector
proteins, EsxA, to induce phagosomal rupture in host phagocytes.

• ESX-1 systems are also present in many non-pathogenic, rapid-growing
mycobacteria, such as Mycobacterium smegmatis, in which they are in-
volved in conjugal DNA transfer between donor and recipient strains.
Interestingly, the ESX-1 effectors EspA, EspC and EspD, which are
present in slow-growing, pathogenic mycobacteria, are absent from
these non-pathogenic species.

• Besides ESX-1, M. tuberculosis, which causes tuberculosis, has four ad-
ditional ESX systems: ESX-3 is involved in iron acquisition; ESX-5 is
involved in the secretion of members from two large mycobacterial
protein families, named PE and PPE according to their Pro-Glu and
Pro-Pro-Glu amino-terminal motifs; and ESX-2 and ESX-4 are sys-
tems for which the functions are currently unknown.

• ESX systems are thought to have evolved from ESX-4 or ESX-4-like
systems by gene duplication and diversification, as well as plasmid-
mediated horizontal gene transfer.

• ESX-like systems are secretion systems that are similar to mycobac-
terial ESX systems but that are found in Gram-positive bacteria in the
phylum Firmicutes, rather than in Actinobacteria. Similarly to ESX
systems, ESX-like systems contain Esx proteins that have a highly
conserved WXG motif, contain an Ftsk-SpoIIIE-like ATPase, and, in
some cases (for example, in Staphylococcus aureus), can be involved in
pathogenicity.

27 2.1. Introduction

2.1 Introduction

ESAT-6 secretion (ESX; also known as type VII secretion) systems are bac-
terial secretion systems that are named after the first identified effector,
the 6 kDa early secretory antigenic target (ESAT6; also known as EsxA), of
Mycobacterium tuberculosis, the aetiological agent of human tuberculosis1,2.
ESX systems are found in mycobacteria and various other genera in the
phylum Actinobacteria3,4, such as Streptomyces, Corynebacterium, Nocardia
or Gordonia, and more distantly related ESX-like systems also exist in Gram-
positive bacteria in the phylum Firmicutes, including in Bacillus anthracis5,
Bacillus subtilis6,7, Staphylococcus aureus8,9 and Listeria monocytogenes10 (see
the dedicated section on page 41). In mycobacteria, ESX systems function
as specialized secretion systems that enable the transport of selected sub-
strates across the complex, thick mycobacterial cell envelope that forms a
structural barrier to protein export11. The thickness and complexity of the
envelope, which provides protection to mycobacteria under harsh environ-
mental conditions, are due to the presence of mycolic acids that are linked,
usually covalently, to an arabinogalactan-peptidoglycan matrix, as well as
various extractable lipids, polysaccharides, lipoglycans and proteins that
are not covalently attached to the matrix and that may vary among species12.

Two characteristics unify all esx loci across the different phyla. First,
the presence of genes that encode small secreted proteins of approximately
100 amino acids that have a conserved Trp-X-Gly (WXG) motif, which con-
tributes to the formation of helix-turn-helix structures13, in the centre of
the polypeptide; and, second, the presence of genes that encode transmem-
brane proteins of the FtsK-SpoIIIE-like ATPase family14. The most well-
known proteins that contain the WXG motif are EsxA of M. tuberculosis
and its adjacently encoded heterodimerisation partner EsxB (also known
as CFP10)15. Apart from these core characteristics, ESX systems are quite
diverse, which suggests that they have been shaped by a long evolution-
ary process that has involved gene duplication and diversification3,16,17, as
well as horizontal gene transfer between chromosomes and plasmids of
different bacterial species and genera4,18 (see figure 2.2 on page 32 and the
corresponding section on page 33).

Of the five ESX systems that have been described in M. tuberculosis
(ESX-1, ESX-2, ESX-3, ESX-4 and ESX-5; figure 2.1a), at least three are re-
quired for full virulence. The first ESX system (ESX-1) was identified in
parallel by different comparative and functional genomic studies that in-
volved M. tuberculosis and the attenuated vaccine strains Mycobacterium
bovis bacille Calmette-Guérin (BCG) and Mycobacterium microti19-24. The
vaccine strains lack EsxA, owing to spontaneous deletions of different sized
portions of the esx-1 locus, each of which is known as region of difference 1
(RD1) for the respective strain25,26 (figure 2.1a). ESX-1 in M. tuberculosis has
subsequently been shown to be essential for resistance to, and evasion of,
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host responses. One of the key functions of ESX-1 is its role in the induction
of phagosomal rupture, which releases bacteria and/or bacterial products
into the cytosolic compartment of host phagocytes. The sensing of bacterial
products, such as DNA, triggers a complex signalling cascade of the innate
immune system, with a major effect on host-pathogen interactions and im-
munity. Although to a lesser extent than ESX-1, the functions of ESX-3 and
ESX-5 have also been studied, with reports describing ESX-3 as a secretion
system that is involved in mycobactin-mediated iron acquisition27-29 and
ESX-5 as a secretion system for two families of proteins that are specific to
mycobacteria (Pro-Glu (PE) and Pro-Pro-Glu (PPE) proteins)16,30-33.

As an alternative to ’ESX systems’, the nomenclature ’type VII secre-
tion systems’ is commonly used in the literature34,35, although an initial de-
bate questioned the semantic appropriateness of a nomenclature derived
from that of the type I-VI secretion systems, which are found in Gram-
negative bacteria36-37. However, although mycobacteria are considered to
be Gram-positive bacteria, the presence of a mycolic acid-containing outer
membrane (figure 2.1b) makes them more comparable, for the purposes of
secretion, with Gram-negative bacteria, which require specialised systems
to ensure the secretion of specific substrates across their diderm cell envel-
ope. In contrast to the well-studied type I-VI secretion systems, for which
functions and structures have largely been deciphered38, high-resolution
structural data on the more recently discovered ESX systems are only now
starting to be generated. As such, the current model of the structure and
function of the ESX apparatus is still hypothetical and many questions
about specific details of the biology of ESX systems remain (figure 2.1c).
As ESX systems have numerous roles in the physiology, cell envelope in-
tegrity, conjugation and host-pathogen interactions of mycobacteria, future
work on these systems may reveal new discoveries that have the potential
to broaden our understanding of many tuberculosis-related features of my-
cobacterial biology. In this Review, we describe the five ESX systems that
are found in M. tuberculosis and use select examples to illustrate known and
predicted functions of these systems and their effector molecules, including
the proposed role of ESX-1 and its EsxA effector in phagosome rupture and
establishing bacterial contact with the host cytosol. Finally, we discuss the
evolution of these systems, as well as the diversity of ESX and ESX-like sys-
tems that are found among different mycobacterial species and in certain
Gram-positive bacteria.

2.2 Loci that encode ESX systems

One of the highlights of the first report of a whole-genome sequence for M.
tuberculosis, which analysed the well-characterised H37Rv reference strain,
was the identification of multigene families, such as those associated with

29 2.2. Genetic Organization

Figure 2.1: Genetic and structural architectures of ESX systems.
(Legend continued on the following page.)
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Figure 2.1: Cont’d: a) Genetic organisation of the five esx loci and the es-
pACD operon in M. tuberculosis H37Rv showing spontaneous deletions
in esx-1 found in the vaccine strains M. bovis bacille Calmette–Guérin
(BCG; red shading) and M. microti (MIC; blue shading). b) Electron mi-
croscopy image showing the inner and outer membranes of the mycobac-
terial cell envelope. The composition of the outer membrane, also called
mycomembrane, is notable for the presence of mycolic acids and a set of
non-covalently bound lipids that may include sulfatides, acyltrehaloses,
trehalose mycolates, phthiocerol dimycocerosates and phosphatidyl-myo-
inositol mannosides12,168,169. c) Model of the secretion apparatus and
secreted substrates of ESX systems. In this model, the conserved compon-
ents EccB, EccC, EccD and EccE, which each contain one or more trans-
membrane domains (an example number is shown), form the core structure
of ESX systems32, which is located in the inner membrane. EccC is thought
to be a translocase that provides the energy for the secretion of an effector
known as EsxB, with which it interacts at the carboxy-terminal signal se-
quence (denoted as C in the figure)45,51. EsxB is the putative chaperone for
EsxA, which is a major ESX-1 effector protein that is thought to be translo-
cated through co-secretion with EsxB52. EccA is a cytosolic AAA+ ATPase
that interacts with the C terminus of EspC61. The exact role of EspC, which
also interacts with EspA, in the ESX secretion process is not described, but
it is known that the secretion of EspC and EspA is co-dependent, similarly
to the co-dependent secretion of EsxA and EsxB59,60. Heterodimers that are
formed from a PE family protein and a PPE family protein are also sub-
strates for secretion, and the recruitment of these dimers to the core com-
plex involves interaction with the putative cytosolic chaperone EspG67,68,69.
EspB is an ESX-1-secreted protein that adopts a PE–PPE-like fold and con-
tains a C-terminal domain that is processed by the MycP1 protease during
secretion57,58.

31 2.2. Genetic Organization

ESX systems1,16. Further analyses confirmed the presence of five paralog-
ous ESX clusters in the genome of M. tuberculosis3,17, each of which en-
coded a tandem pair of WXG proteins, an ATPase with an Ftsk-SpoIIIE mo-
tif and several proteins with predicted transmembrane domains. Detailed
comparisons of the different loci identified a core set of proteins that were
present in most of the five ESX systems, which were named ESX-conserved
components (Ecc)35. In the locus that encodes the ESX-1 system of M. tuber-
culosis, which is often used as a model for ESX systems, the genes that en-
code the secreted proteins EsxA and EsxB are flanked directly upstream
by pe35 and ppe68, which encode locus-specific PE and PPE proteins; fur-
ther upstream of pe35 and ppe68 are the genes that encode the two com-
ponents of the Ftsk-SpoIIIE-like ATPase (EccCa and EccCb), a membrane
protein that has two transmembrane domains (EccB) and an AAA+ ATPase
(EccA). Downstream of esxA and esxB are genes that encode two transmem-
brane proteins (EccD, which has at least 11 transmembrane domains, and
EccE, which has two transmembrane domains). The esx-1 locus encodes a
subtilisin-like protease (MycP) and several ESX-1 secretion-associated pro-
teins (Esp), some of which are specific to ESX-1, whereas others (such as
EspG) have homologues in other ESX systems (figure 1a). Genomic ana-
lyses of esx loci and the core components contained therein have also sug-
gested a possible evolutionary history for the origin of ESX systems. In M.
tuberculosis, the esx-4 locus has the smallest number of genes of the five esx
loci and seems to encode the least complex system (figure 2.1a). Systems
that are orthologous to ESX-4 are also present in various mycobacterial and
non-mycobacterial species in the phylum Actinobacteria3,4. Together, these
findings led to the hypothesis that the ancestral ESX system was an ESX-4-
like system from which the other ESX systems emerged by gene duplica-
tion, gene diversification and horizontal gene transfer3,4,18,39 (see dedicated
section on evolution on page 33). The location in the phylogeny of ESX-2
provides an example of the roles of these processes in the evolution of ESX
systems. Although the genomic region that encodes ESX-2 is proximal to
esx-1 in M. tuberculosis16, esx-2 does not correspond to an ancient duplica-
tion of the M. tuberculosis esx-1 locus. Instead, phylogenetic analyses sug-
gest that slow-growing mycobacteria acquired ESX-2 by plasmid- mediated
horizontal transfer after the emergence of ESX-1 (REF. 4) (see page 33). A
similar scenario may have also led to the acquisition of ESX-5, which, sim-
ilarly to ESX-2 but unlike other ESX systems, is restricted to slow-growing
mycobacteria. The restricted distribution of ESX-2 and ESX-5 suggests that
these are the two ESX systems that arose most recently in evolution (see
page 33).
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Figure 2.2: Maximum-likelihood tree based on EccB, EccC and MycP show-
ing that a subgroup of ESX-4, ESX-4-bis, branches deeper in the evolution
than previously thought; for further description see corresponding para-
graph.
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2.3 Evolution and horizontal gene transfer of
ESX components

The discovery of five loci that encode ESX-systems in the genome of M.
tuberculosis H37Rv3,14,16,17 raised interesting questions regarding the ori-
gin, distribution and evolution of these systems and the expansion of the
PE and PPE gene families39. ESX-4 systems are thought to represent the
simplest and earliest ESX systems, from which others evolved by gene du-
plication and diversification3,35. Indeed, ESX-4 systems have also been
identified in numerous non-mycobacterial Actinobacteria and show the
most similarity to ESX-like systems in the Firmicutes phylum. Further-
more, a recent mycobacterial pan-genome analysis, which constructed a
phylogeny based on concatenated sequences of EccB, EccC and MycP us-
ing a maximum-likelihood method with 250 bootstrap replicates (see the
figure; branch lengths are drawn to scale and indicate the number of sub-
stitutions per site), identified a subgroup of ESX-4 systems, ESX-4-bis, that
branches deeper in the phylogeny than previously described systems and
that is present in some non-mycobacterial Actinobacteria, such as Nocardia
farcinica and Gordonia bronchialis (see figure 2.2, green boxes), in addition
to a subset of mycobacterial species4. This analysis also identified large
plasmids that encoded novel esx loci (see figure 2.2, red circles) or putative
esx loci (see figure 2.2, red circles with dashed lines) in both rapid-growing
mycobacteria (see figure 2.2; RGM) and slow-growing mycobacteria (see
figure 2.2; SGM), which suggests that plasmids might have been major fa-
cilitators of the radiation and evolution of mycobacterial ESX systems4, as
was also proposed in a second, independent study18. One of the plasmids
that encodes an esx locus, pRAW from M. marinum, is a conjugative plas-
mid that also encodes proteins that have some similarity to components of
type IV secretion systems144, which generally only exist in Gram-negative
bacteria. The ESX system that is encoded on pRAW, ESX-P1, is similar to
ESX-P systems that are encoded on plasmids from M. kansasii145 and M.
yongonense146, and the genes that encode all three of these systems form
branches at the root of the phylogeny of chromosomal ESX-5 systems4 (see
the figure). This location in the ESX-5 phylogeny suggests that plasmids
that encode ESX-P1 systems were involved in conjugation-mediated trans-
fer of ESX-5 precursors to slow-growing mycobacteria, which is consistent
with the high sequence similarity among the Ecc and MycP proteins from
ESX-P1 and ESX-5 systems4,144. Other deep-branching ESX-P-containing
plasmids might have had similar roles in the transfer of other ESX systems4,18.
ESX systems have also been shown to enable non-plasmid-mediated hori-
zontal transfer of chromosomal DNA fragments. Laboratory-based conjug-
ation experiments in the non-pathogenic, rapid-growing species M. smeg-
matis showed that DNA could be transferred to a recipient strain that ex-



Chapter 2. The Mycobacterial ESX Secretion Systems 32

Figure 2.2: Maximum-likelihood tree based on EccB, EccC and MycP show-
ing that a subgroup of ESX-4, ESX-4-bis, branches deeper in the evolution
than previously thought; for further description see corresponding para-
graph.

33 2.3. Evolution of ESX Components

2.3 Evolution and horizontal gene transfer of
ESX components

The discovery of five loci that encode ESX-systems in the genome of M.
tuberculosis H37Rv3,14,16,17 raised interesting questions regarding the ori-
gin, distribution and evolution of these systems and the expansion of the
PE and PPE gene families39. ESX-4 systems are thought to represent the
simplest and earliest ESX systems, from which others evolved by gene du-
plication and diversification3,35. Indeed, ESX-4 systems have also been
identified in numerous non-mycobacterial Actinobacteria and show the
most similarity to ESX-like systems in the Firmicutes phylum. Further-
more, a recent mycobacterial pan-genome analysis, which constructed a
phylogeny based on concatenated sequences of EccB, EccC and MycP us-
ing a maximum-likelihood method with 250 bootstrap replicates (see the
figure; branch lengths are drawn to scale and indicate the number of sub-
stitutions per site), identified a subgroup of ESX-4 systems, ESX-4-bis, that
branches deeper in the phylogeny than previously described systems and
that is present in some non-mycobacterial Actinobacteria, such as Nocardia
farcinica and Gordonia bronchialis (see figure 2.2, green boxes), in addition
to a subset of mycobacterial species4. This analysis also identified large
plasmids that encoded novel esx loci (see figure 2.2, red circles) or putative
esx loci (see figure 2.2, red circles with dashed lines) in both rapid-growing
mycobacteria (see figure 2.2; RGM) and slow-growing mycobacteria (see
figure 2.2; SGM), which suggests that plasmids might have been major fa-
cilitators of the radiation and evolution of mycobacterial ESX systems4, as
was also proposed in a second, independent study18. One of the plasmids
that encodes an esx locus, pRAW from M. marinum, is a conjugative plas-
mid that also encodes proteins that have some similarity to components of
type IV secretion systems144, which generally only exist in Gram-negative
bacteria. The ESX system that is encoded on pRAW, ESX-P1, is similar to
ESX-P systems that are encoded on plasmids from M. kansasii145 and M.
yongonense146, and the genes that encode all three of these systems form
branches at the root of the phylogeny of chromosomal ESX-5 systems4 (see
the figure). This location in the ESX-5 phylogeny suggests that plasmids
that encode ESX-P1 systems were involved in conjugation-mediated trans-
fer of ESX-5 precursors to slow-growing mycobacteria, which is consistent
with the high sequence similarity among the Ecc and MycP proteins from
ESX-P1 and ESX-5 systems4,144. Other deep-branching ESX-P-containing
plasmids might have had similar roles in the transfer of other ESX systems4,18.
ESX systems have also been shown to enable non-plasmid-mediated hori-
zontal transfer of chromosomal DNA fragments. Laboratory-based conjug-
ation experiments in the non-pathogenic, rapid-growing species M. smeg-
matis showed that DNA could be transferred to a recipient strain that ex-



Chapter 2. The Mycobacterial ESX Secretion Systems 34

pressed the ESX-1 system from a donor strain of the same species, whereby
the obtained transconjugants had highly mosaic genomes that were remin-
iscent of products of eukaryotic meiosis147. Similarly, genome analyses of
tubercle bacilli from the M. canettii clade, which is proposed to be the clade
from which M. tuberculosis originated, showed numerous traces of putat-
ive interstrain recombination events148-150. These findings were recently
confirmed and extended through the use of mycobacterial mating assays
combined with whole-genome sequencing, which provided evidence of
transfer of large chromosomal DNA fragments between two strains of M.
canettii151, which suggests that such genetic transfer may have had a role in
the emergence of M. tuberculosis and other M. tuberculosis complex (MTBC)
strains. Further studies are required to obtain more comprehensive insights
not only into the potential role of ESX systems in horizontal gene transfer
in tubercle bacilli, but also into how this mechanism of horizontal trans-
fer might lead to the dissemination of ESX systems and/or components
among other mycobacteria, including non-pathogenic species. Indeed, the
wide distribution and the observed diversity of ESX systems that are en-
coded by chromosomes and plasmids suggest that our current knowledge
of ESX systems, which has focused on pathogenicity, probably only repres-
ents a very small portion of the biological functions that might be carried
out by these systems in the diverse rapid-growing and slow-growing my-
cobacteria in which they are found.

2.4 Mechanisms and functions of ESX systems

The protein repertoires that are encoded by the different esx loci are thought
to consist of various components of the translocating complex, secreted
substrates and accessory proteins, such as chaperones. Although global
mechanistic insights into the structure and function of the core ESX secret-
ory apparatus are still lacking, numerous studies have now reported details
on some aspects of these systems, notably protein-protein interactions, se-
cretion motifs and circuits of transcriptional regulation, which has led to a
better understanding of the putative roles of the individual components of
ESX systems and their interplay with one another.

The ESX-1 system

The most well-known ESX-1 substrates, EsxA and EsxB, have a character-
istic helix-turn-helix hairpin organisation that is due to a high α-helical
content and the presence of a WXG motif. Nuclear magnetic resonance
(NMR) studies on recombinant EsxA and EsxB proteins of M. tuberculosis
that were expressed in Escherichia coli have revealed a 1/1 EsxA-EsxB four-
helical bundle heterodimer in which high-affinity binding between the two
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Figure 2.3: a) The structures of several ESX substrates have recently been
solved, including the EsxA–EsxB heterodimer, an EspB monomer and the
PE25–PPE41 heterodimer in complex with the EspG5 chaperone. b) The
domain organisation of PE and PPE proteins, many of which form het-
erodimers that are substrates for secretion by ESX systems, comprises a
conserved amino-terminal region that contains the PE or PPE motifs, which
have approximate sizes of 120 amino acids and 180 amino acids, respect-
ively, fused to diverse central and carboxy-terminal sequences that may
contain repeated motifs (such as polymorphic GC-rich-repetitive sequences
(PGRS)16,170 or major polymorphic tandem repeats (MPTR)), an GXXS-
VPXXW motif or unique sequences. The domain organisations shown here
are based on references16,30. aa, amino acids.
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proteins is mediated by hydrophobic interactions13,40, and these findings
were recently confirmed by structural analyses that were based on X-ray
crystallography41 (figure 2.3a on page 35). Previous studies in tubercle ba-
cilli have shown that the last 3-12 amino acids of the carboxyl terminus
of EsxA are required for biological function and virulence, but not secre-
tion40,42-44. By contrast, the last seven amino acids of the C terminus of EsxB
were found to be essential for EsxB secretion, owing to an interaction with
EccCb (REF. 45), although an additional sequence motif (Tyr-XXX-Asp/Glu
(YXXXD/E)) that is adjacent to these residues is also required for full ESX
secretion46. The YXXXD/E motif has been defined as a general secretion
motif of ESX pathways and has been postulated to interact with the WXG
motif, which probably promotes protein-protein interactions between (or
within) ESX system proteins41,47. Intriguingly, PE35 and PPE68 of the ESX-
1 system are predicted to also form a four-helical complex that is similar
to the structure that has been solved for PE25-PPE41, which, in M. tuber-
culosis, are encoded by genes outside of a defined esx locus48 (figure 2.3a).
PE35, which, similarly to EsxB, contains a YXXXD/E motif, is required for
the expression of esxA and esxB49,50. By contrast, the function of PPE68,
which contains a WXG motif, remains unclear: transposon analyses iden-
tified PPE68 as essential for the full virulence of M. tuberculosis24, whereas
truncation of its C terminus did not decrease the secretion of EsxA and EsxB
or attenuate virulence of recombinant tubercle bacilli49.

To better understand and/or predict the underlying mechanisms that
drive ESX secretion, we believe that it is helpful to consider the core Ecc
proteins separately from the accessory Esp proteins. The core ESX-1 com-
ponents that are predicted to transport substrates across the inner mem-
brane include the putative translocase EccC and at least three other Ecc
proteins: EccB, EccD and EccE35 (figure 2.1c). Homologues of these pro-
teins that are encoded by the esx-5 locus were shown to form a 1,500 kDa
protein complex that could be purified from the cell envelope fractions of
Mycobacterium marinum, which is a fish pathogen that is closely related to
M. tuberculosis32. As these core components of ESX-5 share approximately
30% amino acid identity with ESX-1 paralogues, the presumed structure
for the ESX-1 membrane complex might resemble that shown for ESX-5.

New insights into the function of ESX core components were recently
obtained in a study of the secretion system of the thermophilic actinobac-
terial species Thermomonospora curvata, which is closely homologous to other
actinobacterial ESX systems and contains homologues of EsxA, EsxB, EccC,
EccD, EccB and MycP51. Structural analyses using recombinant proteins
from this model organism suggested that binding of the C-terminal signal
sequence of the EsxB substrate to an empty pocket of the third of three
ATPase domains stimulates multimerisation of EccC51. By contrast, the ad-
dition of EsxA to the T. curvata EccC-EsxB multimeric complex led to co-
operative disassembly and inhibition of the ATPase51, which suggests that
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binding of the substrate might modulate the assembly and activity of ESX
secretion machineries. These in vitro experiments assume a role for EsxB
homodimers, whereas EsxA and EsxB have previously been described as
forming a tightly complexed 1/1 heterodimer13 that might only become
dissociated outside of the bacterial cell (under appropriate conditions, such
as low pH)51,53. Further studies are required to decipher the exact mechan-
isms of EccC-mediated translocation processes, and these may benefit from
comparisons with type IV secretion coupling proteins, which phylogenetic
analyses have shown to be related to EccC ATPases51,54.

Another conserved protein of the esx-1 locus of M. tuberculosis is my-
cosin 1 (MycP1; figure 2.1c), which is a subtilisin-like serine protease with
a domain architecture that comprises a canonical signal sequence followed
by a protease domain and a C-terminal transmembrane region55. Dele-
tion of MycP1 in M. tuberculosis led to the loss of ESX-1 secretion func-
tions, whereas mutagenesis of the active sites and consequent loss of pro-
tease activity resulted in increased secretion, which suggests a putative
dual role of MycP1 in substrate processing and the regulation of ESX-1
secretion56. One known substrate of MycP1 is EspB, which is also indis-
pensable for ESX-1 function56. Structural analyses of EspB, which contains
a YXXXD/E secretion motif, have revealed PE-PPE-like domains, the or-
ganisation of which resembles those of the PE25-PPE41 heterodimer, des-
pite only limited sequence similarity between these proteins and EspB (fig-
ure 2.3a). The PE-PPE-like domains mediate oligomerisation into what
seems to be a symmetrical heptameric barrel or donut-shaped complex
with a central pore57,58.

Aside from EspB, numerous other Esp proteins have been described
as ESX substrates35,59-64, including EspA, EspC and EspD (also known as
Rv3616c, Rv3615c and Rv3614c), which are encoded by an operon more
than 260 kb upstream of esx-1. This operon is of particular interest as it
has been suggested to be a pathogenicity-associated genomic island42,65,
owing to its distribution in the genomes of certain slow-growing, oppor-
tunistic or obligate mycobacterial pathogens (M. marinum, Mycobacterium
liflandii, Mycobacterium kansasii, Mycobacterium haemophilum, Mycobacterium
leprae, Mycobacterium lepromatosis, Mycobacterium canettii and the different
members of the M. tuberculosis complex), in which it is often present in dif-
ferent chromosomal regions and not in synteny with flanking sequences.
The presence of espACD operons in these genomes might therefore be the
result of independent horizontal gene transfer events that might have con-
tributed to pathogenicity. EspA, EspC and EspD were the first proteins
that are not encoded by the esx-1 locus to be shown to be involved in ESX-1
function59,60, and these proteins also provided the first evidence of inter-
dependence between ESX-1 substrates, as the secretion of EspA and EspC
requires EsxA and EsxB and vice versa60. By contrast, although EspD is not
co-secreted with EsxA, complete depletion of EspD from bacterial cells res-
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ults in the loss of EsxA secretion66. EspD also has a role in the maintenance
of cellular levels of EspA that seems to be independent of its role in EsxA
secretion66.

EspA, EspC and EspD have sequence similarity to three Esp proteins
that are encoded by the esx-1 locus: EspE, EspF and EspH, respectively.
EspF and EspH are YXXXD/E motif-containing proteins, as are the ESX-1
proteins EspC and EspJ. Another Esp protein in ESX-1 is EspG1, which is
encoded by a gene that is located between espF and espH at the 5’ end of
the esx-1 core locus (figure 1a). EspG1 shows some resemblance to EspG
proteins of other esx loci and is thought to function as a chaperone that
protects domains from aggregation or polymerization, similarly to chap-
erones in other bacterial secretion systems11. In ESX-1, EspG1 binds to the
PE35-PPE68 complex, which seems to also be a feature that is conserved for
the EspG homologue in ESX-5, EspG5, which binds to the corresponding
PE-PPE heterodimers that are secreted by ESX-5 (REFS 67-69) (figure 2.3a).
Although this conserved substrate specificity suggests that EspG proteins
might be responsible for selecting substrates for secretion by their corres-
ponding ESX systems, it should be noted that EspG proteins do not bind
to EsxA or EsxB, and therefore the secretion of Esx proteins does not seem
to generally involve selection by EspG chaperones11. Similarly, EccA, a
cytosolic AAA+ ATPase that interacts with the C terminus of EspC61, might
also be a chaperone for EspC (figure 2.1c).

In addition to regulation through co-dependent export with other ESX-
1 substrates, such as the co-dependency between EspA or EspC and EsxA
or EsxB, ESX-1 secretion is tightly regulated at the transcriptional level by
WhiB6 (also known as Rv3862c), which is encoded by a gene that is located
at the 5’end of the esx-1 locus. The role of WhiB6 in regulating the tran-
scription of ESX-1 components was revealed by comparing M. tuberculosis
H37Rv with clinical isolates, which showed that clinical isolates expressed
ESX-1 components at substantially higher levels than H37Rv70. Transcrip-
tome analysis identified a single-nucleotide insertion in the promoter re-
gion of whiB6 that results in the downregulation of whiB6 expression and,
consequently, of numerous esx-1-encoded genes70,71. The insertion was loc-
ated in the binding site of PhoP, which, as the response regulator of the
PhoP–PhoR two-component system, has an important role in the regula-
tion of virulence and immunogenicity in M. tuberculosis72-74. Another key
regulator of ESX-1 that has been shown to be regulated by PhoP-PhoR is
EspR (also known as Rv3849)75,76. Although EspR was initially described
as being a substrate for, in addition to a regulator of, ESX-1 secretion75, a
later study could not confirm the secreted nature of EspR and provided
compelling evidence that EspR is a nucleotide-associated protein that reg-
ulates the expression of a wide range of virulence-associated transcripts
in M. tuberculosis76. Indeed, among other regulatory functions, EspR was
shown to regulate transcription of espACD, which, in turn, controls the se-
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cretion of EsxA and EsxB, owing to the co-dependent export of these sub-
strates with EspA and EspC. EspR is not the only transcriptional regulator
of espACD, as the operon has been shown to be transcriptionally repressed
by MprA-MprB (a two-component transcriptional regulatory system that
is associated with mycobacterial persistence; also known as Rv0981 and
Rv0982), for which binding sites have been described in the putative es-
pACD promoter region77. Interestingly, the requirement for PhoP-PhoR
in the cascade that leads to the secretion of EsxA and EsxB can be by-
passed through the deletion of the genomic region upstream of espACD,
which contains binding sites of the different regulatory systems75,77,78. This
regulation escape mechanism was discovered by transcriptome analysis of
tubercle bacilli that lacked region of difference 8 (RD8)79, which is adjacent
to the espACD operon80, and experimental transfer of the espACD allele
from RD8-deletion strains into a M. tuberculosis mutant that lacked PhoP-
PhoR. The expression of EspACD and the secretion of EsxA were restored
in the recombinant strains79, which explains the secretion of EsxA in lin-
eages of tubercle bacilli that have fitness-diminishing mutations in PhoP-
PhoR but in which RD8 has been deleted (Mycobacterium africanum lineage
6 and animal-adapted strains, such as M. bovis)81-84. These findings suggest
an evolutionary scenario in which the emergence of fitness-diminishing
mutations in PhoP-PhoR has been compensated by the deletion of RD8 in
these lineages (REF. 79), which enables the network that is regulated by
PhoP-PhoR to be bypassed and thus restores the secretion of EsxA.

Other ESX systems

ESX-5 is the most recent ESX system to emerge in evolution and is present
only in slow-growing mycobacteria3 (see dedicated section on page 33).
The eccB5-eccC5 region of the esx-5 locus in M. tuberculosis (rv1782-rv1798;
figure 2.1a) is essential for viability under standard in vitro growth condi-
tions85. However, this essential role can be circumvented through the de-
letion of the gene cluster that is responsible for the biosynthesis of phthio-
cerol dimycocerosates, which are lipids that are found in the mycobacterial
cell envelope of certain slow-growing mycobacteria, or through the hetero-
logous expression of MspA-like porins, which are not naturally present in
the outer membranes of slow-growing mycobacteria, from M. smegmatis86.
Based on these data, a model was proposed in which the ESX-5 system is
responsible for the export of cell envelope proteins that are required for nu-
trient uptake86, as a mechanism that compensates for the lack of MspA-like
porins in slow-growing mycobacteria86. Such a function is also supported
by the finding that ESX-5 seems to be regulated at a transcriptional level by
the Pst-SenX3-RegX3 system, which comprises a phosphate uptake com-
ponent and a two-component regulatory system that collectively control
gene expression in response to the availability of phosphate87.
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The role of ESX-5 in the secretion of mycobacterial proteins has been
studied extensively using the model mycobacterium M. marinum88-90. The
first experimental evidence of ESX-5 secretion by M. marinum was obtained
by cloning the full esx-5 locus of this species into M. smegmatis, which res-
ulted in the efficient secretion of heterologously expressed PPE41 (REF.
88). Later, in M. marinum and M. tuberculosis, ESX-5 was shown to be re-
sponsible for the export of a large number of PPE and PE proteins of di-
verse subtypes (figure 2b), many of which were not encoded by the esx-5
locus33,88,89,91, which suggests that export by ESX-5 is a major pathway for
the secretion of PE and PPE proteins. Thus, functional analysis of ESX-
5 might help to decipher the biological functions of PE and PPE proteins,
which, at present, remain mysterious despite the 18 years that have elapsed
since their first identification in the M. tuberculosis H37Rv genome project16.

Genes that encode the ESX-3 system (rv0282-rv0292) are conserved among
different mycobacteria, which suggests an important role for ESX-3 in vi-
ability for environmental and pathogenic mycobacterial species24,28,92. Ex-
pression of esx-3 genes is regulated by iron and zinc, and increases during
the chronic phase of infection in the lungs of mice93,94, which suggests a role
for ESX-3 in metal homeostasis27,28. Efforts to define the function of ESX-3
in M. tuberculosis had, for many years, been limited by an inability to re-
cover M. tuberculosis mutants that were deficient in ESX-3 components, ow-
ing to the essential requirement of some esx-3-encoded proteins for in vitro
growth in standard media, but this limitation was recently overcome by
supplementing the growth medium with various iron complexes, such as
haemin29. Subsequently, the use of deletion mutants that lacked PE5-PPE4,
EsxG (also known as Rv0287) or EsxH (also known as Rv0288 or TB10.4;
figure 2.1a) in proteomic analysis screens and mouse infection experiments
revealed that PE5-PPE4 has an essential role in the siderophore- mediated
iron-acquisition functions of ESX-3 (REF. 29). EsxH and EsxG, which have
been described as being secreted by ESX-3 as a 1/1 heterodimer95, have also
been shown to be required for iron metabolism; however, this role might be
indirect, through promoting the secretion of PE5-PPE4 (REF. 29). Indeed,
EsxG-EsxH seems to be a more general regulator of secretion rather than
a specific regulator of iron metabolism, as shown by its iron-independent
role in virulence that is thought to be mediated by promoting the ESX-3-
mediated secretion of PE15-PPE20 (REF. 29). Furthermore, a role for EsxG-
EsxH in host-pathogen interactions is also suggested by the findings that
EsxH strongly induces interferon-γ (IFN-γ) secretion in T cells from pa-
tients with tuberculosis and BCG-vaccinated donors96, and in CD4+ and
CD8+ T cells from mice infected with M. tuberculosis97,98, and that EsxH
interacts with, and inhibits, the endosomal sorting complex required for
transport (ESCRT), which has important roles in membrane trafficking in
mammalian host cells99. Finally, EsxH is a potent protective antigen when
used as a subunit vaccine fused with M. tuberculosis antigen 85B (a recog-
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nised T cell antigen that is encoded by rv1886c) and formulated with an ap-
propriate adjuvant100. Together, these observations have led to a growing
appreciation of the importance of ESX-3 in the infection process, although
the roles of ESX-1 and ESX-5 in the pathogenesis of M. tuberculosis currently
remain better characterised.

In contrast to ESX-1, ESX-5 and ESX-3, the functions of ESX-2 (rv3895c-
rv3884c) and ESX-4 (rv3444c-rv3450c) are wholly unknown. High-density
transposon screens have demonstrated that neither of these systems seems
to be required for in vitro growth nor for virulence of M. tuberculosis in
mice, and proteomic approaches have not been able to detect active secre-
tion of the putative ESX-4 substrates EsxU or EsxT, which leaves an un-
certainty as to the functionality of ESX-4 in M. tuberculosis24,90,101. Interest-
ingly, analysis of the genomes of M. leprae and M. lepromatosis, which have
been streamlined into minimal genomes by a process of extensive genome
decay102,103, showed that these pathogens have lost the esx-4 locus and have
non-functional ESX-2 systems103. Together, these observations suggest that
the functions of ESX-2 and ESX-4 in mycobacteria my be non-essential and
not host-oriented.

2.5 ESX-like systems in Gram-positive bacteria in the
firmicutes phylum

The genome sequences of several species in the low-GC phylum Firmicutes
are predicted to encode ESX-like systems, based on the presence of genes
that are predicted to encode an FtsK–SpoIIIE-like ATPase and associated
small proteins that have conserved Trp-X-Gly (WXG) motifs in the centre
of a 1̃00 amino acid polypeptide14, which are the two characteristic features
that are found in all ESX and ESX-like systems. For example, ESX-like sys-
tems have been identified in Bacillus anthracis5, Bacillus subtilis6,7, Listeria
monocytogenes10 and Staphylococcus aureus8.9. The ESAT6 secretion system
(ESS) of S. aureus is probably the best-characterised ESX-like system, ow-
ing to its role in virulence, and can thus be considered as a model for the
study of ESX-like systems in members of the Firmicutes. The ess locus in
S. aureus encodes 11 genes (see the figure, part a)8,137, some of which show
recognisable, but low, similarity to genes from mycobacterial esx loci. For
example, the ess locus encodes two WXG100 proteins, EsxA and EsxB, that
share 21% and 18% sequence identity with EsxA and EsxB in M. tubercu-
losis, respectively. Similarly to the mycobacterial proteins, EsxA and EsxB
in S. aureus are secreted substrates that are involved in host–pathogen in-
teractions. However, the heterodimeric complexes that are formed by EsxA
and EsxB in mycobacteria are not observed in S. aureus; instead, a homod-
imer formed by EsxA was revealed by X-ray crystallography138. Further-
more, biochemical evidence shows that the dimeric complexes EsxA–EsxA,
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EsxC–EsxC, EsxA–EsxC and EsxB–EsxD are all secreted by the ESX-like
system in S. aureus137; similarly to EsxA and EsxB, EsxC and EsxD are bac-
terial effectors that are involved in host–pathogen interactions9,137,139. The
secretion of EsxA and EsxB depends on other genes that are located in the
ess locus8,140.

Figure 2.4: Genetic organization and
working model of the ess locus in S.
aureus

Although the mechanistic roles
of these other genes are unclear,
a model has been proposed in
which esaA encodes a protein that
is involved in substrate secretion
across the membrane and essA,
essB, essC and essD (also known as
esaD) encode transmembrane pro-
teins that together form a complex
with EsaA9,137,139,141,412 (see the fig-
ure, part b). In support of this
model, recent work has shown that
mutants that lack essD are defect-
ive in the secretion of EsxA141. essC
is another example of an ess gene
that shows sequence similarity to
a mycobacterial esx gene, as it re-
sembles, to some extent, eccC of M.
tuberculosis; both essC in S. aureus and eccC in M. tuberculosis encode
Ftsk–SpoIIIE-like ATPases8. ESX-like secretion in S. aureus has an import-
ant role in abscess formation and staphylococcal persistence in host tissues,
but it is dispensable for bacterial growth8,9. For example, compared with
wild-type S. aureus, mutant strains of S. aureus that do not secrete EsxA or
EsxB were associated with a substantial decrease in bacterial load in the
liver and kidneys in mouse models8, and intravenous inoculation of mice
with S. aureus essD-deletion mutants generated fewer abscesses and a lower
bacterial load141. ESX-like secretion was also found to be required for nasal
colonisation in a murine lung pneumonia model, both for RN6390 and COL
strains of S. aureus139. Finally, EsxA in S. aureus inhibits apoptotic path-
ways in human epithelial cells, as shown by the increased rate of apoptosis
in cells that were infected with esxA-deletion mutants compared with cells
that were infected with wild-type S. aureus143. Together, these observations
suggest that ESX-like systems in S. aureus fulfil key functions during the
infection process.
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2.6 ESX systems in pathogenesis

Mycobacterial ESX systems have been known to be associated with patho-
genicity and host-pathogen interactions since their discovery19-23,32,33,88,89,104,105,
although pan-genome analyses show that ESX systems are also widely present
in non-pathogenic actinobacterial species4. ESX systems are thus thought
to have diverse functions that may include roles in cellular physiology and
horizontal gene transfer between strains. These roles may be linked to sur-
vival in different environments, and in some cases have been adapted by
certain pathogenic bacteria to survive under the harsh conditions that they
can encounter in the host. The ESX systems that have been best character-
ised as associated with host-pathogen interactions are ESX-1 and ESX-5.

Phagosomal rupture by ESX-1

ESX-1 is the most intensively studied ESX system, which is probably ow-
ing to its important roles in virulence and other host-pathogen interactions.
The biological implications of ESX-1-mediated host-pathogen interactions
are remarkable. Furthermore, the presence of a functional ESX-1 system
is essential for virulence in the obligate human pathogens M. tuberculosis
and M. leprae, as well as in the facultative human pathogens M. marinum
and M. kansasii. Mutant mycobacterial pathogens that lack ESX-1 have
defects that include attenuated pathogenicity and decreased intracellular
replication23,104,106 compared with wild-type strains.

Following phagocytosis by a macrophage, pathogenic mycobacteria in-
terfere with phagosome maturation and phagolysosome biogenesis to fa-
cilitate their survival107, which M. tuberculosis has been shown to do by
various means108, such as by inhibiting the proton-ATPase activity that
is responsible for phagosomal acidification109. ESX-1 is required for sub-
sequent phagosomal rupture, as was first reported in M. marinum110. Later
studies that used cryo-electron microscopy suggested that, during the later
stages of infection, intact cells of ESX-1-positive strains of M. tuberculosis
and M. leprae may translocate into the cytosol of the infected phagocyte111.
These observations challenged the long-standing view that pathogenic my-
cobacteria remain exclusively enclosed in the phagosome112, and, as such,
are subject to ongoing scientific discussion113,114. Following phagosomal
rupture, contact with bacterial components, or perhaps the bacterium it-
self, leads to sensing by the innate immune system and the activation of
associated defence mechanisms (figure 2.5). The development and use of a
fluorescence resonance energy transfer (FRET)-based phagosomal rupture
assay, which is based on cleavage of coumarin-cephalosporin-fluorescein
(CCF) by the mycobacterial β-lactamase42, enabled cytosolic contact of M.
tuberculosis to be demonstrated in various phagocyte types, with contact
detectable using a flow cytometry readout as early as three hours post-
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2.6 ESX systems in pathogenesis
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infection115. This technique can reliably distinguish between strains that
establish cytosolic contact and strains that remain enclosed in an intact
phagosome; however, it cannot provide a more precise measurement of
the subcellular location of the pathogen42,114. Studies of phagosomal rup-
ture by mycobacteria have also demonstrated a link between the ability of
a strain to establish ESX-1-mediated cytosolic contact and the induction of
host cell death42,43. Notably, the absence of most of the esx-1 locus in the
BCG vaccine strain has been shown to underlie the consequent inability of
this strain to establish cytosolic contact, which is fundamental to the atten-
uation of virulence that is observed for BCG compared with virulent M.
bovis or M. tuberculosis21,42. The role of ESX-1 in phagosomal rupture seems
to be mediated by the secreted substrate EsxA, which has been shown to
be able to disrupt artificial lipid bilayers21 and the plasma membranes of
red blood cells116. Furthermore, EsxA, but not EsxB, lyses liposomes52. The
two helices of EsxA each measure around 50 Åin length, which corresponds
approximately to the thickness of biological membranes and thus suggests
that the helix-turn-helix motif of EsxA might form insertions that span the
phagosome membrane117.

The biological and immunological repercussions of contact between my-
cobacteria and the host cell cytosol are numerous and represent an excit-
ing emerging field of research into host-pathogen interactions. Possible
interactions include those between bacterial pathogen-associated molecu-
lar patterns (PAMPs) and cytosolic sensors in the host cell, similarly to the
role of various cytosolic receptors of the host immune system in detect-
ing molecular components (such as DNA) of other intracellular pathogens.
Indeed, three independent studies have described a central role for the
cytosolic DNA sensor nucleotidyltransferase cyclic GMP-AMP synthase
(cGAS) in the detection of mycobacterial DNA that has entered the cytoso-
lic compartment118-120. The precise pathways by which DNA is released
from live M. tuberculosis into the cytosol remain unknown but may involve
the formation of extracellular vesicles that are secreted from the mycobac-
terial membrane or export by secretion systems, although mechanistic in-
sights are still lacking65,121. The sensing of DNA by cGAS leads to the syn-
thesis of the second messenger cyclic GMP-AMP (cGAMP), which activ-
ates the endoplasmic reticulum-associated stimulator of interferon genes
(STING) and the downstream serine/ threonine-protein kinase (TBK1)-inter-
feron regulatory factor 3 (IRF3)-IFNβ signalling pathway (figure 2.5). This
process leads to the expression of type I IFNs, such as IFNβ, which is a
strategic event in the interactions of M. tuberculosis with the host, as type
I IFNs are thought to be detrimental to the host in the context of myco-
bacterial infection. Indeed, infection experiments in mice revealed a de-
crease in bacterial load when type I IFN signalling was abrogated122,123

and patients with active tuberculosis have an upregulated type I IFN tran-
scriptional profile that is correlated with disease severity and that is down-
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Figure 2.5: Downstream effects of phagosomal membrane rupture medi-
ated by ESX-1 (Legend continued on the following page.)
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Figure 2.5: (Cont’d) A fundamental role of ESX-1 in the infection of mac-
rophages by M. tuberculosis is the membrane rupture of the phagosome in
which mycobacteria reside following phagocytosis. Rupture of the phago-
somal membrane leads to contact between mycobacterial components, or
perhaps even intact mycobacteria, and the host cell cytosol. Recent research
has suggested that membrane rupture is mediated by the membranolytic
action of EsxA, which is secreted in a heterodimeric complex with EsxB
into the phagosomal lumen. Subsequent detection of the bacterium and
bacterial-derived molecules (such as DNA) by sensors of the host innate
immune system has important consequences for signalling in the infected
cell. DNA is sensed by cyclic GMP–AMP synthase (cGAS), which synthes-
ises the second messenger cyclic GMP–AMP (cGAMP) from ATP and GTP.
cGAMP, which can also disseminate to bystander non-infected cells, ac-
tivates the endoplasmic reticulum (ER)-associated stimulator of interferon
genes (STING) pathway and the downstream serine/threonine-protein
kinase (TBK1)–interferon regulatory factor 3 (IRF3) signalling axis, which
leads to the production of interferon-β (IFNβ). Activation of TBK1 and
bacterial ubiquitylation may initiate selective autophagy of the pathogen
through recruitment of the autophagosome-associated lipidated isoform of
microtubule-associated protein 1 light chain 3 (LC3-II) to ubiquitylated my-
cobacteria and/or phagosomal membrane fragments (also see section on
page 48). Mycobacterial DNA in the host cytosol can also be sensed by ab-
sent in melanoma 2 (AIM2), which partially contributes to the activation of
the NOD-, LRR- and pyrin domain-containing 3 (NLRP3)–inflammasome,
leading to the activation of caspase 1 and cleavage of the precursor of the
protective cytokine interleukin-1β (IL-1β) followed by secretion of mature
IL-1β. The mechanisms shown in this figure are based on those described
in Refs118,119,120,171,172. Similarly, in CD11c+ immune cells (such as dendritic
cells), NLRP3–caspase 1 activation was also shown to induce the matura-
tion of pro-IL-18 into IL-18, which induces the production of IFNγ in CD8+

T cells and natural killer (NK) cells44. Ub, ubiquitin.
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regulated following successful treatment124. Aside from cGAS, mycobac-
terial DNA is also sensed by absent in melanoma 2 (AIM2), which leads
to the activation of NOD-, LRR- and pyrin domain-containing 3 (NLRP3)-
inflammasome signalling125-127 and, in turn, increased activation and secre-
tion of protective cytokines, such as interleukin-1β (IL-1β)126 (figure 2.5).
We note that M. tuberculosis had previously been reported to prevent in-
flammasome activation128, but this finding was probably due to the use of
the BCG strain, which lacks ESX-1, in most experiments125,126,128.

ESX-1-mediated cytosolic contact is also essential for NLRP3-inflamma-
some-mediated secretion of IL-18 by infected CD11c+ immune cells (such
as dendritic cells), which leads to the rapid, non-cognate production of
IFNγ by M. tuberculosis-antigen-independent memory CD8+ T cells and
natural killer (NK) cells, as was recently shown in various M. tuberculosis
infection mouse models44 (figure 2.5). Similarly, cytosolic access of myco-
bacteria is instrumental for the accumulation of the lipidated isoform of
microtubule-associated protein 1 light chain 3 (LC3-II) in dendritic cells129,
which is an isoform that is associated with autophagosomes. However, the
exact role of autophagy during infection with M. tuberculosis is a matter of
debate (see dedicated section on page 48).

Finally, the effects of ESX-1 on host-pathogen interactions also concern
granuloma formation and bacterial dissemination. For example, granu-
loma formation that is induced by M. marinum in zebrafish larvae was
found to depend on a functional ESX-1 system130,131. In the same model,
ESX-1 was also required for the induction of matrix metalloproteinase 9
(MMP9) in epithelial cells that were proximal to infected macrophages. The
induction of MMP9 enhanced the recruitment of macrophages to the granu-
loma site, which contributed to nascent granuloma maturation and bac-
terial growth132. Thus, it is plausible that ESX-1-mediated induction of nec-
rotic and/or apoptotic host cell death42,133 might contribute to granuloma
formation and/or cell-to-cell spread, which are generally not observed dur-
ing infection with BCG or other ESX-1-deficient strains.

Evidence for ESX-5 mediated pathogenesis

ESX-5 was the second ESX system to be shown to have an important role in
host-pathogen interactions. The first evidence for such a role was obtained
from studies on M. marinum, which showed that ESX-5 was required for the
induction of caspase-independent cell death and spread of infection, but
was dispensable for intracellular growth31,88. ESX-5 was found to modulate
innate immune responses90,134 by inhibiting induction of the production of
key cytokines in infected type I macrophages in human blood90. Similarly
to ESX-1 (REF. 135), ESX-5 contributes to the activation of the inflamma-
some and the secretion of IL-1β31,90. However, unlike ESX-1 (REFS 42,43),
no evidence for a role of ESX-5 in phagosomal rupture, which would lead
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to cytosolic contact of the mycobacterium, was found31.
Detailed investigation of the roles of the ESX-5 system and its PE and

PPE substrates in M. tuberculosis virulence, immunogenicity and host-pathogen
interactions have relied on M. tuberculosis deletion mutants and comple-
mented strains32,33,105. In vivo infection models showed that an M. tuber-
culosis deletion mutant that lacked five esx-5-encoded PE and PPE proteins
(PPE25, PPE26, PPE27, PE18 and PE19) showed attenuated virulence in
both a mouse model of severe combined immunodeficiency (SCID) and
in immune-competent C57BL/6 mice33,105, and an M. tuberculosis deletion
mutant that lacked EccD5 displayed a small colony phenotype and de-
creased intracellular growth capacity in cell culture and mouse models33,105.
Importantly, the reduced virulence of these two strains was not due to any
obvious interference with the production and/or secretion of the ESX-1-
associated virulence factor EsxA or ESX-3-associated EsxH105. Therefore,
ESX-5-associated PE and PPE proteins and EccD5 seem to have essential
roles in the pathogenic potential of M. tuberculosis, although the mechan-
isms by which these roles are mediated are currently unknown. The ESX-5
system in M. tuberculosis has been shown to be involved in the export of
a plethora of PE and PPE proteins that are encoded outside of the esx-5
locus33,105, including PE PGRS proteins32. For example, the M. tuberculosis
deletion mutant that lacked five esx-5-encoded PE and PPE proteins (see
above) remained able to induce T cell immunity against a large number of
PE and PPE proteins that are encoded outside of the esx-5 locus. By con-
trast, the export of these PE and PPE proteins was abolished in the M. tuber-
culosis eccD5-deletion mutant105, in accordance with reports that described
EccD5 as a conserved component of the ESX-5 secretion machinery32. Ana-
lysis of individual ESX-5-exported PE and PPE proteins is ongoing and
may reveal novel functions, such as the recent demonstration that PPE10
is essential for the integrity and stability of the mycobacterial capsule136.
Finally, deletion of the ESX-5 component EspG5 resulted in hypervirulence
of M. marinum in zebrafish, which suggests that ESX-5-mediated secretion
might help to establish a moderate and persistent infection134, although
further studies are required to understand the mechanistic basis for this
phenotype.

2.7 The role of autophagy following ESX-1 mediated
phagosomal rupture

ESX-1-mediated phagosomal rupture is instrumental for the cytosolic con-
tact that is required for mycobacteria and/or mycobacterial products to re-
cruit the lipidated isoform of microtubule-associated protein 1 light chain
3 (LC3-II)129,152, which is associated with autophagosomes. Selective auto-
phagy, in which the ubiquitin-mediated targeting of intracellular patho-
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gens to autophagosomes is followed by delivery to the lysosome, is an
evolutionarily conserved process that is used by eukaryotes to sterilise the
cytosol152,153. Ruptured membranes of Mycobacterium tuberculosis-containing
phagosomes can usually be labelled with antibodies against ubiquitin, which
suggests that these components might represent a potential substrate for
autophagic processes43. Selective autophagy was first shown to be a mech-
anism of the innate immune system for infections with group A Strepto-
coccus153, with later studies suggesting that autophagy has a similar role
during infections with M. tuberculosis154. Different pathogen-derived lig-
ands can trigger antibacterial autophagy, including sugar molecules, which
are recognized by the host protein galectin 8 (REF. 155), or double-stranded
DNA, which is detected by the stimulator of interferon genes (STING) path-
way152. Indeed, a study that showed that mycobacterial DNA may interact
with components of the STING pathway found that M. tuberculosis cells
were subsequently ubiquitylated for selective autophagy152. This study
also found that mouse cells that lacked the essential autophagy factor auto-
phagy protein 5 (Atg5) were highly sensitive to infection with M. tuber-
culosis, which led the authors to conclude that Atg5-mediated autophagy
might be a crucial innate immune mechanism against mycobacteria152. How-
ever, a function for Atg5 that is essential for cellular immunity to intracel-
lular pathogens but independent of autophagosomes has previously been
reported156. Furthermore, a recent study concluded that the increased sus-
ceptibility of Atg5-deficient mice to infection with M. tuberculosis could be
attributed to altered neutrophil recruitment and associated immune sys-
tem pathologies, rather than the impairment of autophagy. This conclusion
was based on experiments in which mice that had substantial autophagy
defects, owing to germline deletions in the autophagy pathway (Ulk1, Ulk2,
Atg4b or p62) or cell lineage-specific deletions of other essential autophagy
genes (Atg14l, Atg12, Atg16l, Atg7 or Atg3), were not more sensitive to in-
fection with M. tuberculosis than control mice157. Thus, the results of this
study seriously question the previously postulated importance of auto-
phagy in the control of mycobacterial infections.

2.8 ESX systems in therapeutics and disease prevention

Vaccines that are more effective and new therapeutic options will both be
required if the long-standing global health goal of eradicating tuberculosis
is to be achieved. Currently, Mycobacterium bovis bacille Calmette–Guérin
(BCG) is the only licensed anti-tuberculosis vaccine. However, although
BCG has an excellent safety record and efficiently prevents serious forms
of childhood tuberculosis (that is, meningitis and miliary tuberculosis), it
generally confers only poor protection against the most contagious form of
tuberculosis, which is pulmonary tuberculosis, in adolescents and adults.



Chapter 2. The Mycobacterial ESX Secretion Systems 48

to cytosolic contact of the mycobacterium, was found31.
Detailed investigation of the roles of the ESX-5 system and its PE and

PPE substrates in M. tuberculosis virulence, immunogenicity and host-pathogen
interactions have relied on M. tuberculosis deletion mutants and comple-
mented strains32,33,105. In vivo infection models showed that an M. tuber-
culosis deletion mutant that lacked five esx-5-encoded PE and PPE proteins
(PPE25, PPE26, PPE27, PE18 and PE19) showed attenuated virulence in
both a mouse model of severe combined immunodeficiency (SCID) and
in immune-competent C57BL/6 mice33,105, and an M. tuberculosis deletion
mutant that lacked EccD5 displayed a small colony phenotype and de-
creased intracellular growth capacity in cell culture and mouse models33,105.
Importantly, the reduced virulence of these two strains was not due to any
obvious interference with the production and/or secretion of the ESX-1-
associated virulence factor EsxA or ESX-3-associated EsxH105. Therefore,
ESX-5-associated PE and PPE proteins and EccD5 seem to have essential
roles in the pathogenic potential of M. tuberculosis, although the mechan-
isms by which these roles are mediated are currently unknown. The ESX-5
system in M. tuberculosis has been shown to be involved in the export of
a plethora of PE and PPE proteins that are encoded outside of the esx-5
locus33,105, including PE PGRS proteins32. For example, the M. tuberculosis
deletion mutant that lacked five esx-5-encoded PE and PPE proteins (see
above) remained able to induce T cell immunity against a large number of
PE and PPE proteins that are encoded outside of the esx-5 locus. By con-
trast, the export of these PE and PPE proteins was abolished in the M. tuber-
culosis eccD5-deletion mutant105, in accordance with reports that described
EccD5 as a conserved component of the ESX-5 secretion machinery32. Ana-
lysis of individual ESX-5-exported PE and PPE proteins is ongoing and
may reveal novel functions, such as the recent demonstration that PPE10
is essential for the integrity and stability of the mycobacterial capsule136.
Finally, deletion of the ESX-5 component EspG5 resulted in hypervirulence
of M. marinum in zebrafish, which suggests that ESX-5-mediated secretion
might help to establish a moderate and persistent infection134, although
further studies are required to understand the mechanistic basis for this
phenotype.

2.7 The role of autophagy following ESX-1 mediated
phagosomal rupture

ESX-1-mediated phagosomal rupture is instrumental for the cytosolic con-
tact that is required for mycobacteria and/or mycobacterial products to re-
cruit the lipidated isoform of microtubule-associated protein 1 light chain
3 (LC3-II)129,152, which is associated with autophagosomes. Selective auto-
phagy, in which the ubiquitin-mediated targeting of intracellular patho-

49 2.8. Therapeutics and Vaccines

gens to autophagosomes is followed by delivery to the lysosome, is an
evolutionarily conserved process that is used by eukaryotes to sterilise the
cytosol152,153. Ruptured membranes of Mycobacterium tuberculosis-containing
phagosomes can usually be labelled with antibodies against ubiquitin, which
suggests that these components might represent a potential substrate for
autophagic processes43. Selective autophagy was first shown to be a mech-
anism of the innate immune system for infections with group A Strepto-
coccus153, with later studies suggesting that autophagy has a similar role
during infections with M. tuberculosis154. Different pathogen-derived lig-
ands can trigger antibacterial autophagy, including sugar molecules, which
are recognized by the host protein galectin 8 (REF. 155), or double-stranded
DNA, which is detected by the stimulator of interferon genes (STING) path-
way152. Indeed, a study that showed that mycobacterial DNA may interact
with components of the STING pathway found that M. tuberculosis cells
were subsequently ubiquitylated for selective autophagy152. This study
also found that mouse cells that lacked the essential autophagy factor auto-
phagy protein 5 (Atg5) were highly sensitive to infection with M. tuber-
culosis, which led the authors to conclude that Atg5-mediated autophagy
might be a crucial innate immune mechanism against mycobacteria152. How-
ever, a function for Atg5 that is essential for cellular immunity to intracel-
lular pathogens but independent of autophagosomes has previously been
reported156. Furthermore, a recent study concluded that the increased sus-
ceptibility of Atg5-deficient mice to infection with M. tuberculosis could be
attributed to altered neutrophil recruitment and associated immune sys-
tem pathologies, rather than the impairment of autophagy. This conclusion
was based on experiments in which mice that had substantial autophagy
defects, owing to germline deletions in the autophagy pathway (Ulk1, Ulk2,
Atg4b or p62) or cell lineage-specific deletions of other essential autophagy
genes (Atg14l, Atg12, Atg16l, Atg7 or Atg3), were not more sensitive to in-
fection with M. tuberculosis than control mice157. Thus, the results of this
study seriously question the previously postulated importance of auto-
phagy in the control of mycobacterial infections.

2.8 ESX systems in therapeutics and disease prevention

Vaccines that are more effective and new therapeutic options will both be
required if the long-standing global health goal of eradicating tuberculosis
is to be achieved. Currently, Mycobacterium bovis bacille Calmette–Guérin
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tuberculosis, which is pulmonary tuberculosis, in adolescents and adults.
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The limitations of the BCG vaccine are further enhanced by the heterogen-
eity of BCG strains, each of which has evolved in vitro in different institu-
tions worldwide158,159. However, one common feature of all BCG strains is
the absence of the ESX-1 system, owing to the deletion of RD1. However,
the presence of a functional ESX-1 system may improve the efficacy of live-
attenuated vaccine strains. For example, vaccination with a recombinant
strain of BCG that expresses ESX-1 has been shown to increase protection
against disseminated tuberculosis in mouse and guinea pig models20. Al-
though BCG recombinants that have the intact esx-1 locus of pathogenic
M. tuberculosis are more virulent than BCG in the severe combined im-
munodeficiency (SCID) mouse model of disease19, and thus are associated
with vaccine safety concerns, the generation of BCG recombinant strains
that have mutations in the esxA gene may resolve this limitation160. Sim-
ilarly, engineering BCG strains for heterologous expression of ESX-1 pro-
teins that are from less virulent mycobacteria than M. tuberculosis also has
promising potential for increasing vaccine efficacy without compromising
vaccine safety161. Aside from ESX-1, another ESX system that might be-
neficially be applied to vaccine design is ESX-3. The high-dose intraven-
ous administration of recombinant Mycobacterium smegmatis that expressed
the ESX-3 system from M. tuberculosis, but not endogenous ESX-3, was ef-
fective in protecting mice from challenge with M. tuberculosis162. Another
putative vaccine candidate is the attenuated M. tuberculosis ∆ppe25–pe19
strain, which lacks the ESX-5-encoded PE and PPE family proteins PE18,
PE19, PPE25, PPE26 and PPE27 (REF. 33). This strain, which retains nor-
mal ESX-1 functions, shows improved protective capacity against infec-
tions with M. tuberculosis in mice, compared with BCG105, and has recently
enabled the characterisation of the significant contribution of PE-specific
and PPE-specific T helper 1 (TH1) effector cells in anti-mycobacterial pro-
tective immunity163.

In parallel to improved vaccines, the identification of new therapeutic
agents is also urgently required to cope with the increasing emergence of
drug-resistant M. tuberculosis strains. A report that showed the extent of
acquired drug resistance, including resistance to two novel drugs for the
treatment of tuberculosis (Bedaquiline and Delamanid)164, underlines the
need to complement current therapies that are used to fight tuberculosis
with alternative strategies. In this respect, compounds that target bac-
terial virulence factors might conceivably provide additional therapeutic
possibilities. For the intracellular pathogen M. tuberculosis, screens that
test antimycobacterial drug efficacy inside host cells have the potential to
identify such molecules165-167. One of the compounds that already has
been identified, BTP15, indirectly inhibits ESX-1 secretion by targeting the
two-component regulatory system MprA–MprB166, which regulates the
espACD operon77. Another molecule, BBH7, increases outer membrane
permeability, as shown by increased ethidium bromide uptake166. RNA
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sequencing showed that infection with M. tuberculosis was associated with
the upregulation of genes with functions in metal-ion metabolism, which
results in metal-ion toxicity and upregulation of components of the ESX-1
secretion system. However, ESX-1 secretion is blocked by BBH7 and thus
bacteria remain trapped inside phagosomes166.

2.9 Conclusions and Outlook

The nearly 20 years of research that have followed the discovery of ESX
systems in M. tuberculosis have greatly contributed to our understand-
ing of the biological functions of selected ESX systems in mycobacterial
physiology and, even more importantly, the effects of these systems on
various aspects of host-pathogen interactions. The original finding that
EsxA and EsxB were prototype proteins for a very large family of then
unknown, small, WXG motif-containing proteins opened a new field of
research, which has produced numerous insights into diverse aspects of
bacterial physiology and infection biology. Notably, the study of these pro-
teins has led to the description of functions for ESX-1, ESX-3 and ESX-5 sys-
tems. Crucially for our understanding of host-pathogen interactions, ESX-1
systems, in conjunction with horizontally acquired espACD loci, have been
shown to mediate the rupture of phagosomal membranes inside host pha-
gocytes, whereas the function of the widely distributed ESX-3 system has
been described as metal ion homeostasis and ESX-5 has been shown to
secrete an extremely large and diverse set of PE and PPE proteins. Recent
pan-genome analyses have further elucidated the probable evolutionary
history of ESX systems and suggested an important role for plasmids in
the radiation of esx loci across mycobacterial species. Furthermore, struc-
tural biology studies have started to solve and interpret several of the pro-
tein complexes that are involved in ESX secretion. However, the biology
and structure of ESX secretion systems nevertheless remain far less well
understood than those of the type I-VI secretion systems that are found in
Gram-negative bacteria. Solving the structure of the ESX complex in the
mycobacterial cell envelope will be key to obtaining a more comprehens-
ive mechanistic understanding of observations such as the interdepend-
ence of certain secreted substrates and questions such as whether secreted
substrates might also function as structural elements of ESX systems. Such
insights are also expected to better explain the roles of ESX systems in my-
cobacterial biology. As the activities of certain ESX systems have been re-
ported to have profound effects on host-pathogen interactions, advances in
the field may also help to inform improved vaccine design and alternative
therapeutic intervention opportunities (see corresponding section on page
49). In summary, we expect that ESX systems will remain a highly anim-
ated field of research, with many exciting features still to be discovered.
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Abstract

Recent insights into the mechanisms by which Mycobacterium tuberculosis,
the etiologic agent of human tuberculosis, is recognised by cytosolic nuc-
leotide sensors have opened new avenues for rational vaccine design. The
only licensed anti-tuberculosis vaccine, Mycobacterium bovis BCG, provides
limited protection. A feature of BCG is the partial deletion of the ESX-1
type VII secretion system, which governs phagosomal rupture and cytoso-
lic pattern recognition, key intracellular phenotypes linked to increased
immune signalling. Here, by heterologously expressing the esx-1 region
of Mycobacterium marinum in BCG, we engineered a low-virulence, ESX-
1-proficient, recombinant BCG (BCG::ESX-1 Mmar) that induces the cGas/
STING/TBK1/IRF-3/type I interferon axis and enhances AIM2 and NLRP3
inflammasome activity, resulting in both higher proportions of CD8+ T cell
effectors against mycobacterial antigens shared with BCG and polyfunc-
tional CD4+ Th1 cells specific to ESX-1 antigens. Importantly, independent
mouse vaccination models show that BCG::ESX-1 Mmar confers superior
protection relative to parental BCG against challenges with highly virulent
M. tuberculosis.
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3.1 Introduction

Tuberculosis (TB) is a chronic infectious disease caused by Mycobacterium
tuberculosis that continues to be among the top five causes of death in 18
countries1. Increased prevention would be a tremendous asset in controlling
the global epidemic, as reflected by World Health Organization’s new End
TB Strategy2. Rational design of an improved vaccine that is able to pre-
vent active disease would be the most effective mea- sure in TB control3.
Thus, numerous efforts are being undertaken to develop improved anti-TB
vaccines, some of which have recently entered clinical development4,5.

The currently licensed anti-TB vaccine Mycobacterium bovis BCG, also
known as Bacille Calmette Guérin, confers insufficient protection against
pulmonary TB in adolescents and adults6. The absence of a 9.5-kb genomic
region across all BCG strains, termed Region of Difference 1 (RD1), is the
principal molecular determinant underlying BCG attenuation7,8. RD1 har-
bours genes required for the paradigm type VII secretion (T7S) ESX-1, or
ESAT-6 secretion system that is dedicated to the export of proteins that play
key roles in host-pathogen interactions and pathogenic potential9. During
infection of host phagocytes, a functional ESX-1 secretion system and selec-
ted lipids (i.e., phthiocerol dimycocerosates) are required for communica-
tion of M. tuberculosis with the host cytosol10,11, with subsequent detection
of bacterial DNA by cytosolic sensors, and mitochondrial stress12. This
process leads to a cascade of innate immune signalling events13-15, includ-
ing reinforced AIM-2 (Absence in Melanoma 2) and NLRP3 inflammasome
activation, increased interleukin-1β (IL-1β) and/or IL-18 secretion16-18 and
activation of the cyclic GMP-AMP synthase (cGas)/Stimulator of Interferon
Genes (STING)/TANK-binding kinase 1 (TBK1)/IRF3 axis. The latter sig-
nalling cascade results in the production of type I interferons (IFNs)19. Apart
from innate immune activation, secreted ESX-1 effectors also induce spe-
cific host Th1 cell responses with strong protective potential20,21. Early
attempts to improve the protective efficacy of BCG by heterologously ex-
pressing ESX-1 from M. tuberculosis, a biosafety level (BSL) 3 organism, pro-
duced mixed results. Vaccine efficacy was improved22, but as a side effect
virulence was increased7, making this recombinant BCG strain likely too
virulent as to be used for vaccine applications. Thus, the rationale emerged
to express the ESX-1 systems of related but less pathogenic mycobacteria
in BCG. M. tuberculosis H37Rv and M. marinum, a BSL2 aquatic mycobac-
terium that can infect fish or frogs and occasionally causes skin infections in
humans, share a substantial core genome, with high amino acid sequence
conservation, particularly across the genes encoding the ESX-1 system (Fig-
ure 3.1A). Here, we engineered a recombinant BCG candidate vaccine that
harboured the esx-1 locus of M. marinum (BCG::ESX-1 Mtb). We then inter-
rogated the biological and immunological consequences of this heterolog-
ous ESX-1 Mmar expression in the context of vaccination. Using different
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murine infection models, we identified previously undiscovered immuno-
logical features of recombinant BCG linked to cytosolic pattern recognition
and we provide compelling evidence of significantly improved protective
vaccine efficacy.

3.2 Results

Construction of the Recombinant BCG ESX-1 Mmar Proficient Strain

An esx-1 locus-containing clone was selected from a Bacterial Artificial Chro-
mosome (BAC) library of M. marinum reference strain M. This library was
originally constructed to scaffold and validate the whole-genome sequence
assembly of this strain23. The BAC clone was used as substrate for sub-
cloning a 38.7-kb-sized fragment into the integrating cosmid vector pYUB41224

(Figures 3.1A and B). Sequence analysis revealed that the cloned fragment
carried a nucleotide deletion in the eccCb1 gene (6 C instead of 7 C in the
published genome sequence23 GenBank CP000854 at position 6589,378-84)
(Figure 3.8), causing a frameshift in EccCb1. Further analysis showed that
the same eccCb1 nucleotide deletion was present in the genome of the M
strain (MPasteur), used for construction of the BAC library (Figure 3.8).
This finding likely explains the previously reported differences in ESAT-6
secretion and virulence between the attenuated M. marinum MVU variant
and other M. marinum M variants used in diverse laboratories25-28, as the
M. marinum MVU also harbours this mutation. The frameshift in the cos-
mid was repaired using a phage lambda Red recombineering approach29.
We then transformed the ESX-1-repaired cosmid into BCG Pasteur 1173P2
(Figure 3.1C). Comparison of the in vitro growth characteristics of the ob-
tained recombinant BCG::ESX-1 Mmar strain showed that they were similar
to other BCG strains (Figure 3.9A).

The Heterologous ESX-1 System Is Functional in
BCG::ESX-1 Mmar

The main secreted M. tuberculosis ESX-1 effectors ESAT-6 and CFP-10 share
very high amino acid sequence identity with their M. marinum orthologs
(Figure 3.9B), so we assessed the functionality of the heterologous ESX-
1Mmar secretion machinery by using major histocompatibility complex
(MHC)-II-restricted T cell hybridomas specific to different ESX-1 effectors.
In this model, presentation of ESX-1 effectors is dependent on their proper
secretion30. BCG::ESX-1 Mmar-infected bone-marrow-derived dendritic cells
(BM-DCs) presented ESAT-6Mmar and CFP-10Mmar to specific T cell hy-
bridomas in a manner indistinguishable from BCG::ESX-1 Mtb-infected BM-
DCs (Figure 3.1D). Similarly, EspC (Rv3615c), an ESX-1- secretion-associated
protein that forms secretion-needle-like structures31,32, and is exported in
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Figure 3.1: Stable Genetic Complementation of BCG Pasteur Integrating
the esx-1 Region of M. marinum. (Legend continued on the following page)
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Figure 3.1: Cont’d:

(A) Schematic representation of the integrating vector24, the NheI cloning
site, and the 38.7-kb insert from M. marinum M containing the esx-1 locus.
Amino acid sequence identities between gene products in the orthologous
esx-1 loci of M. marinum and M. tuberculosis are depicted in percentages.

(B) Ethidium-bromid stained fragments of XhoI restriction digest of pRD1-
Mmar, separated by agarose gel electrophoresis.

(C) PCR-based verification of the integration of the esx-1 locus into
BCG::ESX-1 Mmar, using several primers spanning the esx-1 locus of M.
marinum and negative and positive DNA controls.

(D) Demonstration of secretion of different ESX-1 substrates by BCG::ESX-1
Mmar strain through antigenic presentation by infected phagocytes. MHC-
II-restricted antigenic presentation of ESAT-6, EspC and CFP-10 by BM-
DCs generated from C57BL/6 (H-2b) or C3H (H-2k) mice, infected in vitro
by different BCG strains, to T cell hybridomas; NB11 (specific to ESAT-
6:1-20, restricted by I-Ab), IF1 (specific to EspC:40-54, restricted by I-Ab)
or XE12 (specific to CFP-10:11-25, restricted by I-Ak), respectively. In this
assay, the efficacy of antigenic presentation, evaluated by T cell activation
and IL-2 production, is proportional to the amounts of ESX-1 secreted sub-
strate. The DE10 hybridoma (specific to Ag85A:241-260, restricted by I-Ab)
was used as a positive control. Error bars represent SD. The results are
representative at least of two independent experiments.
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a co-dependent way with ESAT-633, was efficiently presented by BM-DCs
infected with either BCG::ESX-1 Mmar and BCG::ESX-1 Mtb (Figure 3.1D).
All tested BCG strains induced the antigenic presentation of the control an-
tigen Ag85A, secreted by the Twin-Arginine Translocation (TAT) pathway
(Figure 3.1D). These data confirmed the functionality of the heterologous
M. marinum ESX-1 system in BCG::ESX-1 Mmar, including the successful
interaction with the transacting EspACD proteins of BCG that are encoded
outside the cosmid-contained M. marinum fragment.

BCG::ESX-1 Mmar Shows Reduced Virulence Compared to
BCG::ESX-1 Mtb

We next compared in vivo growth in severe combined immunodeficient
(SCID) mice of BCG::ESX-1 Mmar with M. tuberculosis H37Rv, BCG::ESX-
1 Mtb and parental BCG Pasteur. In this model in which weight loss is
an index of disease development, BCG::ESX-1 Mmar induced a weight-loss
curve similar to BCG Pasteur (Figures 3.2A and B). In contrast, mice infec-
ted with M. tuberculosis H37Rv or BCG::ESX-1 Mtb lost 20% of their weight
significantly earlier, indicating that BCG::ESX-1 Mmar is more attenuated
than BCG::ESX-1 Mtb7,22.

BCG::ESX-1 Mmar Modulates the Host Innate Immune Response
via Phagosomal Rupture

To determine further ESX-1 Mmar-associated biological consequences, we
first confirmed that BCG::ESX-1 Mmar induced phenotypic and functional
maturation of DC in a similar manner as control strains (BCG::pYUB,
BCG::ESX-1 Mtb and wild-type (WT) M. tuberculosis H37Rv). This effect
was evaluated by the upregulation of the CD40, CD80, and CD86 co-stimu-
latory molecules, modulation of MHC-I/II expression (Figure 3.10A), and
production of pro/anti-inflammatory cytokines and chemokines (Figure
3.10B). As selected ESX-1-proficient mycobacteria such as M. marinum, M.
kansasii, or M. tuberculosis28,34,35 have been shown to induce ESX-1- medi-
ated phagosome-to-cytosol communication, we explored whether BCG::ESX-
1 Mmar was able to induce phagosomal rupture in host phagocytes. We
used a flow-cytometric fluorescence resonance energy transfer (FRET) ap-
proach based on a green-to-blue fluorescence shift following cleavage of
cytosolic coumarin-cephalosporin-fluorescein 4 (CCF4) by endogenous my-
cobacterial b-lactamase10. Analysis of infected human THP-1 macrophages
revealed that BCG::ESX-1 Mmar induced a solid blue shift, implying contact
with the host cytosol, albeit to a lesser degree compared to M. tuberculosis
H37Rv and BCG::ESX-1 Mtb (Figure 3.3A). In contrast, the ESX-1-deficient
negative control BCG strain did not induce a blue shift in the infected cells
(Figure 3.3A).

71 3.2. Results

Figure 3.2: Attenuated Virulence of BCG::ESX-1 Mmar Strain, as Evalu-
ated in Immunocompromised Mice. SCID mice (n = 10 per group) were in-
fected intravenously (i.v.) with 1 x 106 colony-forming units (CFUs)/mouse
of different recombinant BCG strains in order to monitor the percentage of
their weight change (A) and the survival (B) compared to M. tuberculosis
H37Rv (WT Mtb). Mice were killed when reaching the humane endpoint,
defined as the loss of >20% of bodyweight. The obtained median survival
times for groups of SCID mice were the following: Mtb WT 20 d; BCG::ESX-
1 Mtb 28 days; BCG::ESX-1 Mmar 53.5 days; BCG Pasteur 64 days. Stat-
istical analyses using the log-rank (Mantel-Cox) test showed that the dif-
ferences in survival between groups of animals infected with BCG::ESX-1
Mmar and Mtb WT or BCG::ESX-1 Mtb were highly statistically significant
(p < 0.0001), whereas for BCG::ESX-1 Mmar versus BCG Pasteur no signi-
ficant difference was obtained (p = 0.2136). In contrast, median survival
times for BCG::ESX-1 Mtb versus BCG Pasteur were highly statistically sig-
nificant
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Figure 3.3: Dynamic Effects of Functional ESX-1 Secretion System of
BCG::ESX-1 Mmar on the Host Innate Immune Responses. (Legend contin-
ued on the following page)

73 3.2. Results

Figure 3.3: Cont’d:

(A) Gating strategy and results of phagosomal rupture assay in WT THP-
1 human macrophages, infected with different recombinant BCG strains,
as detected at day 3 post-infection by CCF-4 FRET-based cytometry, com-
pared to controls.
(B and C) ELISA-based quantification of IFN-β and IL-1β (B), or IFN-β

and TNF-α (C) contents in the culture supernatants of the infected WT or
mutant THP-1 cells at 24 hr post-infection. The results are representative of
two independent experiments. NS, not significant, ** or ***, statistically sig-
nificant, as determined by one-way ANOVA test with Tukey’s correction,
with p < 0.005 or p < 0.001, respectively. Error bars indicate SD levels.

Infection of WT THP-1 macrophage-like cells with BCG:: ESX-1Mmar
or control strains showed that BCG::ESX-1 Mmar and BCG::ESX-1 Mtb both
induced IFN-β production, although at a lower level than WT M. tubercu-
losis. In comparison, IFN-β secretion was not detected in BCG::pYUB and
M. tuberculosis ∆ESX-1 (Figure 3.3B). Infection of THP-1 cells deficient in
either cGAS or STING, revealed that neither BCG nor M. tuberculosis (either
WT or recombinant) led to IFN-β release (Figure 3.3C). As a functional con-
trol, we showed that cGAS or STING-deficient THP-1 cells released tumour
necrosis factor-α (TNF-α)-like WT (Figure 3.3C). These data support our
contention that a type I IFN response by ESX-1-proficient BCG strains de-
pends on cytosolic exposure of mycobacterial DNA to then associate with
cGAS.

In parallel, we found that infection with BCG::ESX-1 Mmar, BCG::ESX-
1 Mtb or WT M. tuberculosis, significantly enhanced release of active IL-1β,
compared to BCG::pYUB and M. tuberculosis ∆ESX-1 (Figure 3.3A). These
data are in agreement with earlier studies, which revealed that the release
of active IL-1β is partially dependent on the interaction of mycobacterial
DNA with AIM236.

Since ESX-1-dependent activation of STING has been reported to in-
crease autophagy37, we tested whether the BCG::ESX-1 Mmar or BCG::ESX-
1 Mtb increased the presence of the cytosolic autophagy effector microtubule-
associated protein 1A/1B-light chain 3 (LC3)-II. Using a flow-cytometry-
based assay, we observed increased LC3-II accumulation in THP-1 cells
infected with ESX-1-proficient recombinant BCGs relative to BCG::pYUB-
infected cells (Figure 3.11A), without notable differences in cell mortality
(Figure 3.11B). However, the observed differences between BCG WT and
recombinant strains remained relatively small, in concordance with pre-
vious studies using western blotting or confocal microscopy37,38 (Figure
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3.11A).

BCG::ESX-1 Mmar Induces Potent Polyfunctional Th1 Cell Responses
against ESX-1-Secreted Antigens

Protection against TB largely depends on the host’s ability to generate po-
tent Th1 cell responses against mycobacterial protective antigens39. C57BL/6
(H-2b) or C3H (H-2k) mice, immunised subcutaneously (s.c.) with BCG::
ESX-1Mmar, mounted IFN-g T cell responses against esx-1-encoded ESAT-
6 and CFP-10 antigens as well as ESX-1-secretion-associated EspC (Figures
3.12). These responses were similar to those detected in the BCG::ESX-1
Mtb- or WT M. tuberculosis-immunised groups. BCG::ESX-1 Mmar-immunised
mice also displayed IFN-γ T cell responses against non-ESX-1-associated
antigens shared with BCG that were comparable to those induced by the
BCG::pYUB control, as exemplified by Ag85A-, PE19-, or PPE25-specific
IFN-γ release (Figure 3.12A).

In-depth characterisation of the functional Th1 subsets by intracellular
cytokine staining (ICS) (Figures 3.4A, 3.13, and 3.14) showed that BCG::ESX-
1 Mmar, BCG::ESX-1 Mtb, as well as BCG::pYUB, all induced comparable
percentages of Th1 cytokine-producing cells and similar compositions in
single-, double-, and triple-Th1 cytokine producing cells, specific to the an-
tigens present in BCG, i.e., Ag85A (Figure 3.11B) and PE19 or PPE25 (Fig-
ure 3.14A). In addition, BCG::ESX-1 Mmar and BCG::ESX-1 Mtb induced
similar ESAT-6 or EspC-specific Th1 responses (Figure 3.4B). Indeed, the
total percentage of Th1 cytokine-producing cells per mouse against these
antigens was comparable among the mice immunised with the two ESX-
1-proficient recombinant BCG strains (Figure 3.14). The responses were
dominated by IL-2+ TNF-α+ and TNF-α+ IFN-γ+ double-positive and IL-
2+ TNF-α+ IFN-γ+ triple-positive CD4+ T cells. Furthermore, the amount
of Th1 cytokines produced by ESAT-6 specific CD4+ T cell subsets in re-
sponse to BCG::ESX-1 Mmar and BCG::ESX-1 Mtb were comparable (Figure
3.4C).

BCG::ESX-1 Mmar Boosts Initiation of Anti-Mycobacterial Host
CD8+ T Cell Immunity

Independent lines of evidence point to a major role of CD8+ T cells in anti-
mycobacterial protection40,41. To evaluate the impact of BCG complement-
ation with ESX-1, we immunised C3H (H-2k) mice that specifically recog-
nise a MHC-I-restricted CFP-10:32-39 epitope42 and found that the mice
mounted CD8+ T cell responses against CFP-10, as detected by IFN-γ pro-
duction subsequent to stimulation of splenocytes with the peptide (Fig-
ure 3.5A). In addition, higher percentages of TNF-α+ IFN-γ+ bi-functional
CD8+ T cells specific to Ag85A:144-15243, TB10.4:20-2844, or PPE26: 44-

75 3.2. Results

Figure 3.4: Dissection of Th1 Cell Responses Induced by BCG::ESX-1 Mmar
Immunisation. (Legend continued on the following page)
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Figure 3.4: Cont’d:

(A) Gating strategy adopted to detect different functional subsets of specific
Th1 effectors in the spleen of BCG::ESX-1 Mmar-immunised C57BL/6 mice
using ICS. Cytometric plots represent 5% contours, representative of three
mice per group. Shown are cultures of splenocytes stimulated by ESAT-6:1-
20.

(B) Percentages of antigen-specific Th1 cytokine producing T cells com-
pared to total CD4+ T splenocytes (left) and composition of Th1 cytokine-
producing functional CD4+ T cells, specific to different mycobacterial an-
tigens, at 28 days post-immunization. Total splenocytes from each group
were stimulated in vitro with 10 µg/mL of different synthetic peptides con-
taining I-Ab-restricted immunodominant epitopes, prior to ICS, in order to
determine frequencies of single-, double-, or triple-positive CD4+ cells pro-
ducing IL-2, TNF-α, and/or IFN-γ. NS, not significant as determined by
one-way ANOVA test with Tukey’s correction.

(C) The geometric mean fluorescence intensities (MFIs), proportional to
the intracellular amounts of IL-2, TNF-α, or IFN-γ, in each of the ESAT-6-
specific functional Th1 subsets, as determined in the spleen of mice immun-
ised with BCG::ESX-1 Mmar or BCG::ESX-1 Mtb. Additional information is
provided in Figures 3.13 and 3.14.

77 3.2. Results

Figure 3.5: Enhanced Induction of Key CD8+ T Cell Effectors by BCG::ESX-
1 Mmar in Immunocompetent Mice. (Legend continued on the following page)
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Figure 3.5: Cont’d:

(A)T cell IFN-γ responses of C3H (H-2k) mice (n = 3 per group) immun-
ised s.c. with 1 x 106 CFUs/mouse of different BCG strains, as assessed at 4
weeks post-immunisation. Pool of total splenocytes of the immunised mice
were stimulated in vitro with synthetic MHC-I-restricted CFP-10-derived
peptides during 72 hr. Error bars represent SD.

(B) Detection of TNF-α- and/or IFN-γ-producing CD3+ CD4- CD8+ T
splenocytes by ICS applied on total splenocytes of BALB/c (H-2d) mice
(n = 3 per group), immunised s.c. with 1 x 106 CFUs/mouse of different
BCG strains. At 5 weeks post-immunisation, splenocytes were stimulated
in vitro with MHC-I H-2Kd-restricted epitopes from Ag85A, TB10.4, PPE26,
or the LCMV-NP:118-126 as a negative control peptide. In parallel, stimu-
lated cells were stained with control immunoglobulin (Ig) isotypes. Cyto-
metric plots represent 5% contours with outliers, representative of three
mice per group. The results are representative of two independent experi-
ments.

52-45 MHC-I-restricted epitope were detected in the spleen of BCG::ESX-
1 Mmar- or BCG::ESX-1 Mtb-immunised BALB/c (H-2d) mice, relative to
their BCG-immunised counterparts (Figure 3.5A). The increase in CD8+

T cell responses against non-ESX-1-secreted antigens upon immunisation
with ESX-1-proficient BCGs supports the notion that ESX-1-mediated pha-
gosomal rupture facilitates cross-presentation of mycobacterial antigens either
due to type I IFN production46 or by enhanced access of antigens to the
cytosolic presentation machinery47. The potentially increased persistence
of ESX-1-proficient BCGs in the vaccinated host may also contribute to sus-
tained availability of mycobacterial antigens required for the initiation of
robust CD8+ T cell effectors48.

BCG::ESX-1 Mmar Protects Mice from TB Better than Standard
BCG Vaccines

To assess the protective efficacy of the BCG::ESX-1 Mmar as a potential vac-
cine candidate, we immunised s.c. groups of C57BL/6 mice (n = 5 per
group) with the different BCG strains. After 4 weeks, mice were challenged
with M. tuberculosis H37Rv via the aerosol route and mycobacterial loads
were determined in lungs and spleen 4 weeks later (Figure 3.6A). Both BCG
ESX-1-proficient strains were superior to BCG Danish 1331, the model con-
trol BCG strain used in TB vaccine research, or BCG::pYUB in protecting
against an M. tuberculosis H37Rv challenge both in the lungs and in spleen

79 3.2. Results

Figure 3.6: Improved Protection Potential of BCG::ESX-1Mmar Strain Sig-
nificantly Enhances Protective Capacity against an M. tuberculosis H37Rv
Challenge in Mice.

(A) Immunisation protocol of mice adopted in order to evaluate protective
capacity of different BCG strains.

(B and C) C57BL/6 mice (n = 5 per group) were left unimmunised or vac-
cinated s.c. with 1 x 106 CFUs/mouse of BCG Pasteur::pYUB, BCG Danish,
BCG::ESX-1 Mtb or BCG::ESX-1 Mmar strain with ca. 150 CFUs/mouse
of M. tuberculosis H37Rv strain via aerosol route, as determined by CFU
counting in the lungs day 1 post-infection. The mycobacterial loads in the
lungs (B) and spleen (C) of individual mice were determined. NS, not sig-
nificant, *, **, ***, ****, statistically significant, as determined by one-way
ANOVA test with Tukey’s correction, with p < 0.05, p < 0.005, p < 0.001,
or p < 0.0001, respectively.
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(Figures 3.6B and C) in this model. These data suggest that BCG::ESX-1
Mmar and BCG::ESX-1 Mtb show similar protective efficacies that are, in
turn, superior to the parental BCG strains.

To further explore its protective performance, BCG::ESX-1 Mmar was
tested in an independent preclinical vaccine trial within the framework
of the TBVAC2020 consortium, where potential TB vaccine candidates are
compared head-to-head relative to BCG Danish 1331 (Figure 3.7A). BCG::ESX-
1 Mmar showed significantly enhanced protection against a challenge with
the highly virulent M. tuberculosis strain HN878 (Beijing family) (Figure
3.7B) and M. tuberculosis strain M2 from the Harleem family (Figure 7C), as
evidenced by greatly reduced mycobacterial loads in the lungs and spleen,
as well as decreased proportions of inflamed lung tissue (Figure 3.7D).

3.3 Discussion

With millions of doses delivered across generations of humans around the
world, BCG is perhaps the most well-known example of a live, attenuated
vaccine and is still widely used today as no higher-performing alternatives
have been licensed to date. Developed in the 1920s by Calmette and Guérin
after longterm in vitro passaging of a virulent Mycobacterium bovis isolate
that became irreversibly attenuated, vaccination with BCG of an estimated
3 billion individuals confirmed that BCG was safe in the immunocompet-
ent host49. Besides BCG, the other human anti-TB vaccine used at a larger
scale is the vole-bacillus Mycobacterium microti. Different attenuated vari-
ants were successfully used to vaccinate 10,000 adolescents in the UK50 and
half a million babies in the former Czechoslovakia51 in the 1960s.

However, reflection on the history of almost 100 years of human anti-
TB vaccination shows that despite undeniable beneficial effects conferred
to small children, vaccination with BCG or M. microti has been insufficient
to prevent the current global re-emergence of TB. Interestingly, BCG and M.
microti strains have one major genetic feature in common. They have inde-
pendently deleted portions of the region of difference 1 (RD1) 52,53, which
in M. tuberculosis and many other mycobacteria encodes the ESX-1 type
VII secretion system9,54,55. The biological basis for key ESX-1-mediated ef-
fects are primarily linked to the ESX-1-dependent induction of phagosome-
cytosol communication28,47,56. Indeed, mycobacterial cytosolic contact trig-
gers a cascade of cellular signalling events that are of upmost importance
for innate and adaptive immune responses. ESX-1-deficient BCG and M.
microti vaccine strains are unable to initiate these responses9,39,57.

We reasoned that influencing phagosome biology through ESX-1 se-
cretion might enhance the protective ability of BCG, and we wanted to
uncouple the beneficial immunological ESX-1-mediated effects from the
gain-of-virulence linked to the insertion of genes from a BSL3 organism

81 3.3. Discussion

Figure 3.7: Improved Protection Potential of BCG::ESX-1 Mmar Strain Rel-
ative to Standard BCG Strains in Mice against a Challenge with Hyperviru-
lent M. tuberculosis Strains HN878 and M2. (Legend continued on the following
page)
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Figure 3.7: Cont’d:

(A) Immunisation protocol with different BCG strains

(B and C) Bacterial loads in the lungs and spleens 26 weeks post-
immunisation and 16 weeks after aerosol challenge with the M. tuberculosis
HN878 (B) or M2 (C) strains. Mice were challenged with the M. tuberculosis
HN878 strain (approximately 200 CFUs/mouse) or M2 strain (approxim-
ately 50–60 CFUs/mouse) via the aerosol route. The CFUs in the lungs
and spleens of each group were analysed by culturing lung and spleen
homogenates and enumerating the bacteria. Note that CFU data shown
correspond to counts that were obtained from the left-superior lobes of the
lungs. The data are presented as the median ± interquartile range (IQR)
log10 CFUs/organ (n = 6), and the levels of significance for comparisons
between samples were determined by a one-way ANOVA, followed by
Dunnett’s multiple comparison test.

(D) Lung samples collected for histopathology were preserved overnight
in 10% normal buffered formalin, embedded with paraffin, sliced into 4-
to 5-µm-thick sections, and stained with H&E. The superior lobes of the
right lung were stained with H&E to assess the severity of inflammation.
The level of inflammation in the lungs was evaluated using ImageJ soft-
ware (NIH). Percentages of the inflamed areas are presented as whisker
boxplots (whiskers represent minimum and maximum values) (n = 6), and
a one-way ANOVA followed by Dunnett’s test was used to determine the
significance of the findings.

83 3.3. Discussion

into BCG. We thus heterologously expressed in BCG the ESX-1 from M.
marinum, a mycobacterium that shares with BCG the BSL2 classification.
Successful integration of the M. marinum ESX-1 locus was confirmed by
PCR and use of a panel of ESX-1 antigen- specific T cell hybridomas. Inter-
estingly, we detected lower antigenic presentation of CFP-10 by dendritic
cells infected with BCG::ESX-1 Mmar compared to BCG::ESX-1 Mtb, which
might reflect a lower CFP-10 antigen availability due to the heterologous
expression of M. marinum proteins that need to cooperate for secretion with
proteins from BCG.

The introduction of the ESX-1 Mmar region into BCG resulted in a minor,
non-significant increase in virulence relative to parental BCG Pasteur and
was greatly reduced compared to the virulence of BCG::ESX-1 Mtb. As the
magnitude of phagosomal rupture by BCG::ESX-1 Mmar and BCG::ESX-1
Mtb was comparable, it suggests that phagosome escape is not the only de-
termining factor that explains the virulence differences observed between
ESX-1-proficient and ESX-1-deficient mycobacteria. Alternatively, the het-
erologous expression of a large DNA fragment from a more distantly re-
lated species with different host specificity, i.e., M. marinum, in BCG might
reduce the in vivo fitness of the recombinant BCG::ESX-1 Mmar, although
we observed similar in vitro growth characteristics to standard BCG.

We next evaluated the immunological repercussions of the ESX-1 intro-
duction into BCG by analyzing innate immune responses, particularly in
light of the most recent literature. IL-1β is protective in the context of M.
tuberculosis infection58, and its catalytic cleavage is mediated by the NLRP3
inflammasome/caspase-1 pathway59. We showed that ESX-1-proficient BCGs
mount a higher IL-1β response suggesting that cytosolic access of mycobac-
terial compounds promotes activation of the inflammasome. In addition
to induction of IL-1β, recent evidence points to a role for ESX-1-mediated
cytosolic contact in NLRP3-inflammasome- mediated secretion of IL-18 by
infected CD11c+ immune cells17. This leads to non-cognate production of
IFN-γ by M. tuberculosis-antigen-independent memory CD8+ T cells and
NK cells. Such IL-18-dependent and rapid IFN-γ responses are not in-
duced by current anti-TB vaccines17,60. In this context, the rationale is
strengthened for leveraging ESX-1 function as an important additional ele-
ment in the design of third-generation vaccines and host-directed therapy
against TB.

By acquiring cytosolic access, mycobacterial molecular fingerprints, such
as extracellular DNA, can also be sensed by germline-encoded pattern re-
cognition receptors in host cell such as AIM236,61 or cGAS13-15. We observed
that the BCG::ESX-1 strains induced IFN-β mediated by the cGAS/STING
pathway in human macrophages. We acknowledge that the role of type
I IFNs in the context of M. tuberculosis infection is somewhat conflicted62.
Studies in humans63 and in animal models report a detrimental role of type
I IFNs during M. tuberculosis infection19,64. A possible explanation is that
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inflammasome/caspase-1 pathway59. We showed that ESX-1-proficient BCGs
mount a higher IL-1β response suggesting that cytosolic access of mycobac-
terial compounds promotes activation of the inflammasome. In addition
to induction of IL-1β, recent evidence points to a role for ESX-1-mediated
cytosolic contact in NLRP3-inflammasome- mediated secretion of IL-18 by
infected CD11c+ immune cells17. This leads to non-cognate production of
IFN-γ by M. tuberculosis-antigen-independent memory CD8+ T cells and
NK cells. Such IL-18-dependent and rapid IFN-γ responses are not in-
duced by current anti-TB vaccines17,60. In this context, the rationale is
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against TB.

By acquiring cytosolic access, mycobacterial molecular fingerprints, such
as extracellular DNA, can also be sensed by germline-encoded pattern re-
cognition receptors in host cell such as AIM236,61 or cGAS13-15. We observed
that the BCG::ESX-1 strains induced IFN-β mediated by the cGAS/STING
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IFN-α/β undermine inflammasome activation and associated host protect-
ive cytokines such as IL-1β65. However, this pro-bacterial role of type I
IFNs during infection with M. tuberculosis could turn out to be pro-host
during vaccination. While type I IFNs negatively regulate active IL-1β se-
cretion during M. tuberculosis infection66, we observed both increased IL-1β
and IFN-β production induced by the ESX-1-proficient BCG vaccine can-
didates. Therefore, if an activated cGas/STING/TBK1/IFR3/ type I IFN
pathway contributes to the persistence of attenuated vaccine strains and
the activation of non-infected neighboring cells67, this effect might favor-
ably increase the spatial and temporal interplay between the vaccine and
the host immune system, ultimately contributing to improved vaccine ef-
ficacy.

Apart from the prompt innate immune response, the late adaptive im-
mune system plays a key role in anti-mycobacterial immunity68. We found
that the BCG::ESX-1 Mmar induces a potent Th1 cell response against strong
immunogens exported by ESX-1, which enlarges the antigenic repertoire
compared to the currently used BCG vaccine, and thus represents a de-
sirable feature in the light of the incomplete protection conferred by BCG.
The presence of polyfunctional Th1 cytokine-producing cells against ESX-
1-secreted antigens upon vaccination with the recombinant BCGs adds an-
other convincing feature of the broadened T cell specificities. Apart from
CD4+ T cells, we detected improved CD8+ T cell responses by analysing
functional CD8+ T cells. This strong adaptive immune response could be
partly explained by a bridging function of activated IFN-β between innate
and adaptive immunity, as has been described for type I IFNs46. Import-
antly, in addition to type I IFNs IL-1β and inflammasome activation also
play roles in regulating the differentiation and function of CD8+ T cells dur-
ing M. tuberculosis infection69. CD8+ T cell effectors are primed through in-
creased inflammasome signalling (IL-1β), in concert with the up-regulation
of chemo-attractants CCL2, CCL5, and CXCL10, of which we detected el-
evated levels (Figure 3.10B) 46,70. These data support a model where ESX-
1- mediated cytosolic access assists presentation to and activation of the
cytosolic presentation machinery through induction of type I IFNs46 and
potentially increased bacterial persistence48.

The hypothesis that ESX-1-mediated cytosolic access improves the per-
formance of recombinant BCG through enhanced innate immune signalling
and enlarged antigenic repertoire is supported by our results from the mouse
models where BCG::ESX-1 Mmar showed superior protective efficacy com-
pared to parental BCG. These results are in accord with those obtained us-
ing an attenuated M. tuberculosis strain that lacks the characteristic esx-5-
associated pe/ppe genes, but harbours all other components of the ESX-5
system, as well as an intact ESX-1 system45. Like BCG::ESX-1 Mmar, this
strain named Mtb∆ppe25-pe19 is able to induce innate immune responses
linked to cytosolic pattern recognition and shows significantly improved
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protection against an M. tuberculosis challenge in a mouse infection model71.
These results suggest that, despite the different genetic background and the
different origin of the ESX-1 system, ESX-1-mediated functions are essen-
tial for increasing protection levels above those provided by vaccination
with standard BCG strains.

In conclusion, the heterologous expression of an M. marinum derived
ESX-1 system in BCG yielded a recombinant vaccine candidate with relat-
ively low virulence levels in SCID mice, which are comparable with those
of other BCG strains72, and a capacity to induce selected innate and adapt-
ive immune responses that depend on phagosome-cytosol communication
in the host phagocyte. Such responses are not induced by first-generation
anti-TB vaccines such as BCG or M. microti and might as well not be in-
duced by the second-generation anti-TB vaccine candidates that have re-
cently entered clinical development17. Given that 90%–95% of M. tubercu-
losis exposed individuals do not develop active TB disease during their
lifetime, host immune effectors are largely capable of inducing protect-
ive immunity73. We propose that a virulence-attenuated, ESX-1- proficient
BCG vaccine might be best able to mimic the natural route of infection and
induce the “correct” phagosomal biology, leading to protective immunity
at the same points of host-pathogen contact as M. tuberculosis. We argue
that this important biological feature should not be left out from the ra-
tional design of third-generation vaccines, giving BCG::ESX-1 Mmar a clear
potential to better control TB.

3.4 Experimental Procedures

Mycobacterial strains

Mycobacterial strains were grown in Dubos broth medium complemented
with Albumine, Dextrose and Catalse (ADC, Difco, Becton Dickinson, Le
Pont-de-Claix, France) and hygromycin 50 µg/ml. The mycobacterial con-
centrations were determined by OD 600nm measurement and CFU count-
ing on Middlebrook 7H11 solid Agar medium complemented with Oleic
acid, Albumine, Dextrose and Catalse (OADC, Difco, Becton Dickinson)
after 16-18 days of incubation at 37◦C. The two challenge M. tuberculosis
strains HN878 and M2 were obtained from the strain collections of the In-
ternational Tuberculosis Research Center (ITRC, Changwon, Gyeongsangnam-
do, Korea).

Preparation and reparation of cosmid DNA

The genetic construct containing the ESX-1 region of M. marinum in the
integrating cosmid vector pYUB412 was obtained by subcloning a 38.7 kb-
sized SpeI fragment from a clone of an M. marinum M strain BAC library23
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into the unique NheI site of integrating cosmid vector pYUB41224. Re-
pair of a frameshift mutation in the cosmid was undertaken using a phage
lambda Red-based approach, as described29. Selection of the repaired clone
was facilitated by the temporary introduction of an apramycin cassette into
the esx-1 locus next to the repaired nucleotide, which required a synonym-
ous codon change for creating an SpeI restriction site. After sequence veri-
fication, cosmid DNA was freshly prepared from a strain of recombinant
Escherichia coli DH10B (Invitrogen Corporation, Cergy Pontoise, France)
that contained the repaired cosmid. M. bovis BCG Pasteur 1173P2, held
at Institut Pasteur, was grown at 37◦C on Middlebrook 7H11 medium (Di-
fco) supplemented with OADC. To obtain electrocompetent cells, bacteria
from solid culture were transferred into 7H9 medium complemented with
ADC and grown for 10 days. Cells were harvested and washed twice with
H2O and once with 10% Glycerol at RT. The pellet was resuspended in
2 ml of 10% glycerol. The cell suspension was mixed with the integrat-
ive ESX-1 cosmids and electroporated using a Bio-Rad gene pulser XCell
(Marnes-la-Coquette, France) at 2500 mVolt. Electroporated cells were cul-
tured overnight at 37◦C and then plated on 7H11 medium containing hy-
gromycin 50 µg/ml. Antibiotic resistant colonies were collected after 3
weeks and analysed for the presence of the integrated cosmid.

Antigen presenting assay

Several MHC-II-restricted T-cell hybridomas specific to mycobacterial an-
tigens were used in order to detect the secretion by mycobacteria, which
leads to the antigenic presentation by the infected BM-DC of different ESX-
1 substrates, as follows: I-Ab-restricted NB11 (specific to ESAT-6:1-20) 21,30.
IF1 (specific to EspC:40-54) and I-Ak-restricted XE12 (specific to CFP-10:11-
25) 74. DE10 T-cell hybridoma (specific to Ag85A:241-260) 21 were used
as an ESX-1-independent control antigen. BM-DCs were obtained from
femurs of 8-10-week-old female C57BL/6JRj (H-2b) or C3H/HeJ (H-2k)
mice (Janvier, Le Genest-Saint-Isle, France), depending on the MHC re-
striction of the T-cell epitopes to be studied and as described previously45.
BM-DCs plated at 2 x 105 cells/well in flat-bottom, 96-well culture plates
in completed, antibiotic-free RPMI 1640. Four hours later, BM-DCs were
infected with various M.O.I of mycobacteria. After overnight incubation,
the infected DCs were washed twice prior to the addition of 1 x 105 cells
per well of the T-cell hybridomas of interest in 100 µl. After over-night
incubation, specific IL-2 produced by T-cell hybridomas was quantified in
the co-culture supernatants using ELISA.
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ELISA and Multiplex cytokine/chemokine assays

Levels of IL-1α, IL-1β, TNF-α, IL-6, IL-10, IL-12p70, MCP-1 (CCL2), RANTES
(CCL5), IP-10 (CXCL10) in the BM-DC culture supernatants were determ-
ined by multiple ProcartaPlex (Affymetrix) kit assays according to the man-
ufacturer’s protocol and a Luminex X-100 Reader. For ELISA experiments,
monoclonal antibodies (mAbs) specific to murine IL-2 or IFN-γ were pur-
chased from BD Pharmingen (Le pont-de-Claix, France). Murine TNF-
α-specific mAbs were obtained from eBioscience (Paris, France). Human
IL-1β and IFN-β were quantified using the DY201-05 (R&D Systems) and
41410 (PBL Assay Science) kits, respectively.

FRET assay by flow cytometry

The principle of the β-lactamase CCF-4 assay has recently been described10.
In short, human pro-monocytic THP-1 cells were plated in 24-well plate at
5 x 105 cells/well in 2 ml of RPMI complemented with 10% FCS, in the pres-
ence of 20 ng/ml of PMA (Pharbol 12-myristate 13-acetate, Sigma Aldrich)
for 72h. Upon 2h incubation with different mycobacterial strains at an mul-
tiplicity of infection (M.O.I.) of 1, cells were washed three times with PBS.
Fresh medium was added and cells were incubated for 4 days. After stain-
ing with anti-CD11b-APC (BD Pharmingen) and CCF-4 (Invitrogen), cells
were analysed on a CyAn cytometer system (Beckman Coulter, Villepinte,
France). Phagosomal rupture was observed once the CCF-4 signal switched
from green (535 nm) to blue (447nm), when CCF-4 was not cleaved the sig-
nal remained green.

Intracellular detection of LC3-II

PMA-differentiated THP-1 cells plated in 12-well plates at 1 x 106 per well
were infected at an M.O.I. of 10 with the different mycobacterial strains.
At 6h post-infection, cells were washed and stained with APC-anti-CD11b
mAb. Next, permeabilisation and intracellular staining with FITC-anti-
LC3-II mAb was performed by use of a Millipore (Temecula, CA, USA)
autophagy detection reagent pack according to the manufacturer’s instruc-
tions.

Immunogenicity and T-cell assay

For immunological studies 6-8-week-old female C3H and C57BL/6 mice
(Janvier) were immunised s.c. with 1 x 106 CFU of the mycobacterial strains
in 200 µl PBS, as previously described45. After 3-4 weeks, splenocytes from
each group were cultured on 96 well plates (1 x 106 cells/well) using 2mM
GlutaMax complemented HL-1 medium (Biowhittaker, Lonza, France) in
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the presence of various mycobacterial antigens. After 72h of incubation
IFN-γ was quantified in culture supernatants using ELISA.

T-cell intracellular Th1 cytokine assay

Splenocytes of immunised C57BL/6 mice (n = 2-3 mice per group) were
cultured in 24 wells plate at 1 x 107 cells/well. Cells were stimulated with
10 µg/ml of different peptides in the presence of 1 µg/ml anti-CD28 (clone
37.51) and 1 µg/ml of anti-CD49d (clone 9C10-MFR4.B) mAbs (BD Pharmin-
gen) during 12-14h at 37◦C 5% CO2. Upon 3h of incubation with Golgi Plug
(Brefeldin A, BD Pharmingen), cells were harvested and stained with ap-
propriate dilutions of AlloPhycoCyanin (APC)-eFluor780-anti-CD3ε, FITC-
anti-CD4 and/or PB-anti-CD8α mAbs (BD Pharmingen) at 4◦C in dark. To
perform the ICS assay the surface stained cells were permeabilized using
Cytofix/Cytoperm (BD Pharmingen) and incubated with appropriate di-
lutions of PerCP-Cyanine5.5-anti-IL-2 (clone JES6-5H4, eBioscience), PE-
anti-TNF-α (clone 554419, BD Pharmingen) and Alexa Fluor647-anti-IFN-γ
(clone XMG1.2, eBioscience) mAbs or appropriate Ig isotypes during 30
minutes at 4◦C. Finally, cells were washed twice in PermWash buffer fol-
lowed by FACS buffer (PBS containing 3% Fetal Bovin Serum and 0.1%
NaN3) and then fixed with 4% PFA overnight at 4◦C. The stained cells (1
x 106/sample) were acquired in an LSR Fortessa flow cytometer system by
use of BD FACS Diva software (BD Bioscience).

In vivo experiments

Studies in immunocompetent and immunodeficient mice were performed
according to European and French guidelines (Directive 86/609/CEE and
Decree 87–848 of 19 October 1987) after approval by the Institut Pasteur
Safety, Animal Care and Use Committee (Protocol 11.245) and local eth-
ical committees (CETEA 2012–0005 and CETEA 2013–0036). For virulence
studies six-week-old female SCID mice (Janvier) were infected intraven-
ously with 200 µl of 5 x 106 bacteria/mouse, and the survival of mice was
monitored. The humane endpoint was defined as loss of ¿20% of body-
weight. Sample size choice was determined by taking into account the rule
of 3Rs (replacement, reduction, refinement) and statistical requirements.

For protection experiments using M. tuberculosis H37Rv as challenge,
six week-old female C57BL/6 mice were left unvaccinated or were immun-
ised s.c. with 1 x 106 CFU per mouse with the different BCG strains. One
month later, mice were challenged with ca. 150 CFU of virulent M. tuber-
culosis H37Rv WT strain per mouse by use of a homemade nebuliser via
aerosol route of infection as described45. CFU counts in the lungs of the
challenged mice were determined at day one. Four weeks post infection,
mice were sacrificed and CFU in lungs and spleen were determined.
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For protection experiments using challenges with clinical M. tuberculosis
strains HN878 or M2, specific pathogen-free female C57BL/6N at 6 weeks
of age were purchased from Japan SLC, Inc. (Shijuoka, Japan) and were
maintained under barrier conditions in a BL-3 biohazard animal facility at
the Yonsei University Medical Research Center in an environment with a
constant temperature (24±1◦C) and humidity (50±5%). The animals were
fed a sterile commercial mouse diet and were provided with water ad lib-
itum under standardised light-controlled conditions (12-h light and dark
periods). The mice were monitored daily, and none of the mice exhibited
any clinical symptoms or illness during the experimental period.

BCG-vaccinated groups were subcutaneously immunised one time with
2.0x105 CFU of each BCG strain. To study the protective efficacy of the
vaccine strains, mice were challenged 11 to 12 days post infection with
strains HN878 or M2. Briefly, the mice were exposed to a predetermined
dose of the M. tuberculosis HN878 or M2 strain for 60 min in the inhal-
ation chamber of an airborne infection apparatus (Glas-Col, Terre Haute,
IN, USA) to expose the mice to approximately 200 CFU of viable Mtb. At
16 weeks post-challenge, mice were killed and numbers of viable bacteria
in the lungs and the spleens of the mice were evaluated. Briefly, the bac-
terial count in each organ was determined by plating organ homogenates
on Middlebrook 7H11 agar (Becton Dickinson, Franklin Lakes, NJ, USA)
supplemented with 10% OADC enrichment medium until the late expo-
nential phase. CFU counts were performed after 4 weeks of incubation at
37◦C. Lung samples collected for histopathology were preserved overnight
in 10% normal buffered formalin, embedded with paraffin, sliced into 4- to
5-mm-thick sections, and stained with hematoxylin-eosin (H&E). The su-
perior lobes of the right lung were stained with H&E to assess the severity
of inflammation. The level of inflammation in the lungs was evaluated us-
ing ImageJ software (National Institutes of Health, USA).

All animal studies involving M. tuberculosis HN878 and M2 challenges
were performed in accordance with Korean Food and Drug Administration
(KFDA) guidelines. The experimental protocols used in this study were
reviewed and approved by the Ethics Committee and Institutional Animal
Care and Use Committee (Permit Number: 2015-0274) of the Laboratory
Animal Research Center at Yonsei University College of Medicine (Seoul,
Korea).

Statistical Analyses

GraphPad Prism software (GraphPad Software, La Jolla, CA) was used
to perform statistical analyses. The One Way ANOVA test with Tukey’s
correction was employed to analyse the obtained data with multiple com-
parisons. For protection experiments using M. tuberculosis strains HN878
and M2, data in the graphs are expressed as the means ± standard devi-
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the presence of various mycobacterial antigens. After 72h of incubation
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Cytofix/Cytoperm (BD Pharmingen) and incubated with appropriate di-
lutions of PerCP-Cyanine5.5-anti-IL-2 (clone JES6-5H4, eBioscience), PE-
anti-TNF-α (clone 554419, BD Pharmingen) and Alexa Fluor647-anti-IFN-γ
(clone XMG1.2, eBioscience) mAbs or appropriate Ig isotypes during 30
minutes at 4◦C. Finally, cells were washed twice in PermWash buffer fol-
lowed by FACS buffer (PBS containing 3% Fetal Bovin Serum and 0.1%
NaN3) and then fixed with 4% PFA overnight at 4◦C. The stained cells (1
x 106/sample) were acquired in an LSR Fortessa flow cytometer system by
use of BD FACS Diva software (BD Bioscience).

In vivo experiments

Studies in immunocompetent and immunodeficient mice were performed
according to European and French guidelines (Directive 86/609/CEE and
Decree 87–848 of 19 October 1987) after approval by the Institut Pasteur
Safety, Animal Care and Use Committee (Protocol 11.245) and local eth-
ical committees (CETEA 2012–0005 and CETEA 2013–0036). For virulence
studies six-week-old female SCID mice (Janvier) were infected intraven-
ously with 200 µl of 5 x 106 bacteria/mouse, and the survival of mice was
monitored. The humane endpoint was defined as loss of ¿20% of body-
weight. Sample size choice was determined by taking into account the rule
of 3Rs (replacement, reduction, refinement) and statistical requirements.

For protection experiments using M. tuberculosis H37Rv as challenge,
six week-old female C57BL/6 mice were left unvaccinated or were immun-
ised s.c. with 1 x 106 CFU per mouse with the different BCG strains. One
month later, mice were challenged with ca. 150 CFU of virulent M. tuber-
culosis H37Rv WT strain per mouse by use of a homemade nebuliser via
aerosol route of infection as described45. CFU counts in the lungs of the
challenged mice were determined at day one. Four weeks post infection,
mice were sacrificed and CFU in lungs and spleen were determined.

89 3.4. Experimental Procedures

For protection experiments using challenges with clinical M. tuberculosis
strains HN878 or M2, specific pathogen-free female C57BL/6N at 6 weeks
of age were purchased from Japan SLC, Inc. (Shijuoka, Japan) and were
maintained under barrier conditions in a BL-3 biohazard animal facility at
the Yonsei University Medical Research Center in an environment with a
constant temperature (24±1◦C) and humidity (50±5%). The animals were
fed a sterile commercial mouse diet and were provided with water ad lib-
itum under standardised light-controlled conditions (12-h light and dark
periods). The mice were monitored daily, and none of the mice exhibited
any clinical symptoms or illness during the experimental period.

BCG-vaccinated groups were subcutaneously immunised one time with
2.0x105 CFU of each BCG strain. To study the protective efficacy of the
vaccine strains, mice were challenged 11 to 12 days post infection with
strains HN878 or M2. Briefly, the mice were exposed to a predetermined
dose of the M. tuberculosis HN878 or M2 strain for 60 min in the inhal-
ation chamber of an airborne infection apparatus (Glas-Col, Terre Haute,
IN, USA) to expose the mice to approximately 200 CFU of viable Mtb. At
16 weeks post-challenge, mice were killed and numbers of viable bacteria
in the lungs and the spleens of the mice were evaluated. Briefly, the bac-
terial count in each organ was determined by plating organ homogenates
on Middlebrook 7H11 agar (Becton Dickinson, Franklin Lakes, NJ, USA)
supplemented with 10% OADC enrichment medium until the late expo-
nential phase. CFU counts were performed after 4 weeks of incubation at
37◦C. Lung samples collected for histopathology were preserved overnight
in 10% normal buffered formalin, embedded with paraffin, sliced into 4- to
5-mm-thick sections, and stained with hematoxylin-eosin (H&E). The su-
perior lobes of the right lung were stained with H&E to assess the severity
of inflammation. The level of inflammation in the lungs was evaluated us-
ing ImageJ software (National Institutes of Health, USA).

All animal studies involving M. tuberculosis HN878 and M2 challenges
were performed in accordance with Korean Food and Drug Administration
(KFDA) guidelines. The experimental protocols used in this study were
reviewed and approved by the Ethics Committee and Institutional Animal
Care and Use Committee (Permit Number: 2015-0274) of the Laboratory
Animal Research Center at Yonsei University College of Medicine (Seoul,
Korea).

Statistical Analyses

GraphPad Prism software (GraphPad Software, La Jolla, CA) was used
to perform statistical analyses. The One Way ANOVA test with Tukey’s
correction was employed to analyse the obtained data with multiple com-
parisons. For protection experiments using M. tuberculosis strains HN878
and M2, data in the graphs are expressed as the means ± standard devi-
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ation. The data from the in vivo experiments are reported as the medians
± interquartile range (IQR). The significance of differences between two
groups was determined using unpaired Student’s t-tests or the significance
of differences between three or more groups was evaluated with one-way
ANOVA followed by Dunnett’s multiple comparison test using statistical
software (GraphPad Prism Software, version 5.01; San Diego, CA, USA). *p
< 0.05, **p < 0.01 and ***p < 0.001 were considered statistically significant.

Accession numbers

The accession number for selected flow-cytometric data reported in this pa-
per is Flow Repository: FR-FCM-Zy24 (https://flowrepository.org/id/FR-
FCM-ZY24)
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55. Bottai, D., Gröschel, M. I. & Brosch, R. Type VII Secretion Systems in Gram-Positive Bacteria. in
Protein and Sugar Export and Assembly in Gram-positive Bacteria (eds. Bagnoli, F. & Rappuoli,
R.) 404, 235–265 (Springer International Publishing, 2017).

56. Conrad, W. H. et al. Mycobacterial ESX-1 secretion system mediates host cell lysis through bac-
terium contact-dependent gross membrane disruptions. Proceedings of the National Academy
of Sciences 114, 1371–1376 (2017).

57. Majlessi, L. & Brosch, R. Mycobacterium tuberculosis Meets the Cytosol: The Role of cGAS in
Anti-mycobacterial Immunity. Cell Host Microbe 17, 733–735 (2015).

58. Fremond, C. M. et al. IL-1 Receptor-Mediated Signal Is an Essential Component of MyD88-
Dependent Innate Response to Mycobacterium tuberculosis Infection. The Journal of Immun-
ology 179, 1178–1189 (2007).

59. Muruve, D. A. et al. The inflammasome recognizes cytosolic microbial and host DNA and
triggers an innate immune response. Nature 452, 103–107 (2008).

60. Gengenbacher, M. et al. Deletion of nuoG from the Vaccine Candidate Mycobacterium bovis
BCG ∆ureC::hly Improves Protection against Tuberculosis. MBio 7, (2016).



Chapter 3. BCG::ESX-1 Mmar as Novel TB Vaccine Candidate 94

61. Hornung, V. et al. AIM2 recognizes cytosolic dsDNA and forms a caspase-1-activating inflam-
masome with ASC. Nature 458, 514–518 (2009).

62. McNab, F., Mayer-Barber, K., Sher, A., Wack, A. & O’Garra, A. Type I interferons in infectious
disease. Nat. Rev. Immunol. 15, 87–103 (2015).

63. Berry, M. P. R. et al. An interferon-inducible neutrophil-driven blood transcriptional signature
in human tuberculosis. Nature 466, 973–977 (2010).

64. Manca, C. et al. Hypervirulent M. tuberculosis W/Beijing strains upregulate type I IFNs and
increase expression of negative regulators of the Jak-Stat pathway. J. Interferon Cytokine Res.
25, 694–701 (2005).

65. Guarda, G. et al. Type I interferon inhibits interleukin-1 production and inflammasome activa-
tion. Immunity 34, 213–223 (2011).

66. Novikov, A. et al. Mycobacterium tuberculosis triggers host type I IFN signaling to regulate
IL-1β production in human macrophages. J. Immunol. 187, 2540–2547 (2011).

67. Ablasser, A. et al. Cell intrinsic immunity spreads to bystander cells via the intercellular trans-
fer of cGAMP. Nature 503, 530–534 (2013).

68. Orme, I. M., Robinson, R. T. & Cooper, A. M. The balance between protective and pathogenic
immune responses in the TB-infected lung. Nat. Immunol. 16, 57–63 (2015).

69. Booty, M. G., Nunes-Alves, C., Carpenter, S. M., Jayaraman, P. & Behar, S. M. Multiple In-
flammatory Cytokines Converge To Regulate CD8+ T Cell Expansion and Function during
Tuberculosis. J. Immunol. 196, 1822–1831 (2016).

70. Sagoo, P. et al. In vivo imaging of inflammasome activation reveals a subcapsular macrophage
burst response that mobilizes innate and adaptive immunity. Nat. Med. 22, 64–71 (2016).

71. Sayes, F. et al. CD4+ T Cells Recognizing PE/PPE Antigens Directly or via Cross Reactivity
Are Protective against Pulmonary Mycobacterium tuberculosis Infection. PLoS Pathog. 12,
e1005770 (2016).

72. Zhang, L. et al. Variable Virulence and Efficacy of BCG Vaccine Strains in Mice and Correlation
With Genome Polymorphisms. Mol. Ther. 24, 398–405 (2016).

73. Ottenhoff, T. H. M. & Kaufmann, S. H. E. Vaccines against tuberculosis: where are we and
where do we need to go? PLoS Pathog. (2012).

74. Sayes, F. et al. Multiplexed Quantitation of Intraphagocyte Mycobacterium tuberculosis Secreted
Protein Effectors. Cell Rep. 23, 1072–1084 (2018).

95 3.6. Supplemental figures

3.6 Supplemental figures



Chapter 3. BCG::ESX-1 Mmar as Novel TB Vaccine Candidate 94

61. Hornung, V. et al. AIM2 recognizes cytosolic dsDNA and forms a caspase-1-activating inflam-
masome with ASC. Nature 458, 514–518 (2009).

62. McNab, F., Mayer-Barber, K., Sher, A., Wack, A. & O’Garra, A. Type I interferons in infectious
disease. Nat. Rev. Immunol. 15, 87–103 (2015).

63. Berry, M. P. R. et al. An interferon-inducible neutrophil-driven blood transcriptional signature
in human tuberculosis. Nature 466, 973–977 (2010).

64. Manca, C. et al. Hypervirulent M. tuberculosis W/Beijing strains upregulate type I IFNs and
increase expression of negative regulators of the Jak-Stat pathway. J. Interferon Cytokine Res.
25, 694–701 (2005).

65. Guarda, G. et al. Type I interferon inhibits interleukin-1 production and inflammasome activa-
tion. Immunity 34, 213–223 (2011).

66. Novikov, A. et al. Mycobacterium tuberculosis triggers host type I IFN signaling to regulate
IL-1β production in human macrophages. J. Immunol. 187, 2540–2547 (2011).

67. Ablasser, A. et al. Cell intrinsic immunity spreads to bystander cells via the intercellular trans-
fer of cGAMP. Nature 503, 530–534 (2013).

68. Orme, I. M., Robinson, R. T. & Cooper, A. M. The balance between protective and pathogenic
immune responses in the TB-infected lung. Nat. Immunol. 16, 57–63 (2015).

69. Booty, M. G., Nunes-Alves, C., Carpenter, S. M., Jayaraman, P. & Behar, S. M. Multiple In-
flammatory Cytokines Converge To Regulate CD8+ T Cell Expansion and Function during
Tuberculosis. J. Immunol. 196, 1822–1831 (2016).

70. Sagoo, P. et al. In vivo imaging of inflammasome activation reveals a subcapsular macrophage
burst response that mobilizes innate and adaptive immunity. Nat. Med. 22, 64–71 (2016).

71. Sayes, F. et al. CD4+ T Cells Recognizing PE/PPE Antigens Directly or via Cross Reactivity
Are Protective against Pulmonary Mycobacterium tuberculosis Infection. PLoS Pathog. 12,
e1005770 (2016).

72. Zhang, L. et al. Variable Virulence and Efficacy of BCG Vaccine Strains in Mice and Correlation
With Genome Polymorphisms. Mol. Ther. 24, 398–405 (2016).

73. Ottenhoff, T. H. M. & Kaufmann, S. H. E. Vaccines against tuberculosis: where are we and
where do we need to go? PLoS Pathog. (2012).

74. Sayes, F. et al. Multiplexed Quantitation of Intraphagocyte Mycobacterium tuberculosis Secreted
Protein Effectors. Cell Rep. 23, 1072–1084 (2018).

95 3.6. Supplemental figures

3.6 Supplemental figures



Chapter 3. BCG::ESX-1 Mmar as Novel TB Vaccine Candidate 96

Figure 3.8: Related to Figure 3.1. Sequence polymorphisms in the coding
region of the eccCb1 gene of different M. marinum M variants and the ori-
ginal pRD1-Mmar cosmid sequence.
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Figure 3.9: Related to Figure 3.1. A. Comparative growth curve of dif-
ferent recombinant BCG strains in Dubos liquid medium at 37◦C. B. Pro-
tein sequence identities between M. tuberculosis and M. marinum ESAT-6 or
CFP-10, as determined by BLAST.
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Figure 3.10: Legend on the following page

99 3.6. Supplemental figures

Figure 3.10: Phenotypic and functional activation of innate immune cells
induced by BCG::ESX-1 Mmar, Related to Figure 3.3.

A. Phenotypic maturation of BM-DCs from C57BL/6 mice infected in vitro
by different BCG strains (M.O.I. = 1), as judged by cytometric evaluation of
surface expression of co-stimulatory or MHC-I or -II molecules at 12h post
infection.

B. Functional maturation of the same infected BM- DCs, as determined by
pro- or anti-inflammatory cytokine and chemokine quantifications in the
supernatants of culture by Multiplexassay. Error bars represent SD. NS =
not significant, as determined by One Way ANOVA test with Tukey’s cor-
rection. The results are representative at least of two independent experi-
ments
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Figure 3.11: Legend on the following page

101 3.6. Supplemental figures

Figure 3.11: Related to Figure 3.3.

A. Gating strategy and intensities of intracellular LC3-II expression in THP-
1 cells infected with different BCG strains (M.O.I. = 10) at 6h post infection,
as evaluated by flow cytometry. NS = not significant, *, ** or *** = stat-
istically significant, as determined by One Way ANOVA test with Tukey’s
correction, with p < 0.05, p < 0.005 or p < 0.001, respectively.

B. Parallel evaluation of the viability of THP-1 cells, in the same culture
wells. Proportions of live (dim) and dead (hi) cells within the CD11b+ pop-
ulation are evaluated by Live/Dead (Invitrogen) staining. The results are
representative of two independent experiments.
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Figure 3.12: T-cell immunogenicity of BCG::ESX-1 Mmar in immunocom-
petent C57BL/6 (H-2b) and C3H (H-2k) mice, Related to Figure 4.

T-cell IFN-γ responses of C57BL/6 (A) or C3H mice (B) (n = 3 per group)
immunised s.c. with 1 x 106 CFU/mouse of different mycobacterial strains,
as assessed at 4 wks post-immunisation. Total splenocytes of the immun-
ised mice were stimulated in vitro with different mycobacterial antigens
during 72h. Concanavalin A and Purified Protein Derivative (PPD) were
used as positive control while rMalE protein and MalE:100-114 peptide
were used as negative controls. Error bars represent SD. The results are
representative at least of two independent experiments

103 3.6. Supplemental figures

Figure 3.13: Negative controls for ICS assay performed to dissect Th1
subsets in the spleen of BCG::ESX-1 Mmar-immunised mice, Related to
Figure 3.4.

Gating strategy and cytometric analyses to identify different subsets of
Th1 effectors in the splenocytes of BCG::ESX-1 Mmar-immunised C57BL/6
mice stimulated in vitro with 10 µg/ml of PPE25:1-20 peptide and stained
with control Ig isotypes (A) or stimulated with 10 µg/ml of the MalE: 100-
114 negative control peptide and stained with cytokine-specific mAbs (B).
Cytometric plots represent 5% contours with outliers, representative of 3
mice per group.
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Figure 3.14: Legend on the following page

105 3.6. Supplemental figures

Figure 3.14: Th1-cell responses against PE/PPE proteins induced by
BCG::ESX-1 Mmar immunisation, Related to Figure 3.4.

A. Profile of Th1 cytokine-producing CD4+ T cells, specific to ESX-5-
associated PE19 or PPE25 mycobacterial antigens, in the spleen of C57BL/6
mice (n = 3 per group) at 28 days post immunisation with 1 x 106

CFU/mouse of different BCG strains. Total splenocytes from each group
were stimulated in vitro with 10 µg/ ml of PE19:1-18 or PPE25:1-20 syn-
thetic peptide containing I-Ab-restricted immunodominant epitopes, prior
to ICS in order to determine frequencies of single, double or triple IL-2,
TNF-α and IFN-γ cytokine-producing CD4+ T cells.

B. Absolute numbers of total Th1 cytokine- producing effector cells in the
spleen of the same immunised mice described in Fig 4 and Fig 3.13. These
absolute numbers of Th1 effectors specific to individual antigen were cal-
culated for each group based on their percentage obtained from ICS by
flow cytometric analyses. Error bars represent SD. NS = not significant, as
determined by One Way ANOVA test with Tukey’s correction.
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Abstract

For eradication of tuberculosis (TB) by 2050, the declared aim of the Stop
TB Partnership, novel treatment strategies are indispensable. The emer-
ging epidemic of multi-drug resistant (MDR) TB has fuelled the debate
about TB vaccines, as increasing numbers of patients can no longer be cured
by pharmacotherapy. Of several proposed modalities, TB vaccines admin-
istered in therapeutic manner represents a promising alternative, despite
the controversial history due to the occurrence of an exacerbated immune
response. A modified concept of immunotherapy is required in order to
justify further exploration. In this paper we systematically reviewed the
most advanced therapeutic vaccines for TB. We address the rationale of im-
munotherapeutic vaccination combined with optimised pharmacotherapy
in active TB. We summarise preclinical and patient data regarding the five
most advanced therapeutic vaccines currently in the pipeline. Of the five
products that have been tested in animal models and in humans during act-
ive or latent TB, the quality of the published clinical reports of two of these
products justify further studies in patients with active TB. This systematic
review fuels further clinical evaluation eventually including head-to-head
comparative studies.
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4.1 Introduction

With 1.3 million deaths annually, tuberculosis (TB) has remained a tre-
mendous infectious threat around the world1. Following the identification
of Mycobacterium tuberculosis as a causative agent of TB in 1884, and the
development of a highly effective treatment with multi-drug short-course
therapy the battle seemed to be won until hopes were shattered with the
emergence of drug-resistant TB2. Currently, an estimated 630,000 TB cases
worldwide are multi-drug resistant (MDR), with 84 countries reporting
at least one case of extensively-drug resistant (XDR)-TB3. The paucity of
novel therapeutic agents is an important set-back to fight TB4.

Powdered sputum was used as a remedy for haemoptysis in China in
the 16th century5. Despite lack of a detailed description, this is the earli-
est record of immunotherapy in TB. Robert Koch was the first to inoculate
TB patients with semi-purified culture supernatants of M. tuberculosis – the
old tuberculin – as a therapeutic vaccination6. The exacerbated immune
response that subsequently occurred has continued to fuel the discussion
about the safety and efficacy of TB immunotherapy7. Although the ad-
verse events of the old tuberculin have been widely publicised, very little
published evidence is available to substantiate the secondary literature8,9.
Over 50 years ago, South African researchers used anti-TB drugs in com-
bination with tuberculin10. Although their study had low sample size and
many drop-outs and was underpowered to detect a difference in survival,
sputum culture conversion at six months tended to be better in the immun-
otherapy group compared to the group receiving standard care alone, with
no major adverse events detected.

Current TB immunotherapy modulates immunity, tipping the balance
between T-helper (Th)-2 and Th-1 to a Th-1 response, or targeting dormant,
persister, slowly replicating M. tuberculosis bacilli11. TB disease results in
a pathological immune response, and reversing this provides an import-
ant asset and might be regarded as a novel approach12,13. Decreasing in-
flammation by inhibiting LPS biosynthesis leads to an increased survival
in Acinetobacter baumannii infected mice, suggesting a survival benefit from
immune-intervention14. A similar notion was also observed in Koch’s tenth
experiment, when rats were fed with TB-infected meat, protecting the an-
imals against subsequent M. tuberculosis challenge12. These data together
provide experimental evidence of a potential benefit of immune therapy in
TB.

Several novel promising TB immunotherapeutic vaccine candidates are
in the pipeline. RUTI R© vaccine is composed of detoxified M. tuberculosis
cellular fragments expressing a wide range of latency antigens with proven
safety and immunogenicity15. Heat-killed Mycobacterium vaccae is an in-
activated environmental mycobacterium with completed phase III trials16.
Two other non-tuberculous mycobacteria (NTM) – Mycobacterium smegmatis

111 4.2. Methods

and Mycobacterium indicus pranii – and V5 have been studied in animal and
human models. The immunotherapeutic potential of several TB vaccines,
such as DNA vaccines, has been demonstrated although these compounds
were initially designed for prevention of primary infection17-20. In contrast,
attempts using a viral-vectored TB vaccine for therapeutic purpose failed in
a mouse model due to toxicity, probably reflecting an exacerbated immune
response19. Here, we discuss the most advanced TB vaccines specifically
designed for therapeutic application and we systematically analyse the rel-
evant studies of the available candidate therapeutic vaccine products.

4.2 Methods

Search strategy and selection criteria

We searched PubMed and EMBASE databases in September 2013 to identify
relevant non-clinical as well as clinical studies for TB vaccines intended for
therapeutic use. We identified five candidates, namely RUTI R©, M. vaccae,
V5, M. smegmatis, and M. indicus pranii. Additionally, we searched the na-
tional database of CNKI (Chinese National Knowledge Infrastructure) to
detect relevant studies on M. smegmatis. We consulted the World Health
Organization International Clinical Trials Registry Platform (ICTRP) for ad-
ditional clinical studies. Key words for database search included “Tuber-
culosis” OR “TB” OR “Mycobacterium tuberculosis”. We used the vaccine
product name and “immunotherapy” OR “therapeutic vaccine”. The search
strategy was supplemented by hand searching reference lists of all relevant
articles. Other vaccine candidates with potential therapeutic use, not ori-
ginally designed for therapeutic applications, were considered beyond the
scope of this review.

Data acquisition

Two investigators (MIG and SAP) independently reviewed the title and ab-
stract of all publications identified by the search strategy. The full text of
the relevant papers was reviewed using predetermined criteria for further
quality assessment of all clinical studies with reported randomised, con-
trolled trials in which subjects received immunotherapy and/or chemo-
therapy. The study subjects were defined as TB patients, irrespective of
drug susceptibility of the M. tuberculosis isolates, with or without co-infection.
With no language restrictions, we included all clinical trials in humans and
excluded open-label and self-reporting studies.
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at least one case of extensively-drug resistant (XDR)-TB3. The paucity of
novel therapeutic agents is an important set-back to fight TB4.

Powdered sputum was used as a remedy for haemoptysis in China in
the 16th century5. Despite lack of a detailed description, this is the earli-
est record of immunotherapy in TB. Robert Koch was the first to inoculate
TB patients with semi-purified culture supernatants of M. tuberculosis – the
old tuberculin – as a therapeutic vaccination6. The exacerbated immune
response that subsequently occurred has continued to fuel the discussion
about the safety and efficacy of TB immunotherapy7. Although the ad-
verse events of the old tuberculin have been widely publicised, very little
published evidence is available to substantiate the secondary literature8,9.
Over 50 years ago, South African researchers used anti-TB drugs in com-
bination with tuberculin10. Although their study had low sample size and
many drop-outs and was underpowered to detect a difference in survival,
sputum culture conversion at six months tended to be better in the immun-
otherapy group compared to the group receiving standard care alone, with
no major adverse events detected.

Current TB immunotherapy modulates immunity, tipping the balance
between T-helper (Th)-2 and Th-1 to a Th-1 response, or targeting dormant,
persister, slowly replicating M. tuberculosis bacilli11. TB disease results in
a pathological immune response, and reversing this provides an import-
ant asset and might be regarded as a novel approach12,13. Decreasing in-
flammation by inhibiting LPS biosynthesis leads to an increased survival
in Acinetobacter baumannii infected mice, suggesting a survival benefit from
immune-intervention14. A similar notion was also observed in Koch’s tenth
experiment, when rats were fed with TB-infected meat, protecting the an-
imals against subsequent M. tuberculosis challenge12. These data together
provide experimental evidence of a potential benefit of immune therapy in
TB.

Several novel promising TB immunotherapeutic vaccine candidates are
in the pipeline. RUTI R© vaccine is composed of detoxified M. tuberculosis
cellular fragments expressing a wide range of latency antigens with proven
safety and immunogenicity15. Heat-killed Mycobacterium vaccae is an in-
activated environmental mycobacterium with completed phase III trials16.
Two other non-tuberculous mycobacteria (NTM) – Mycobacterium smegmatis
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and Mycobacterium indicus pranii – and V5 have been studied in animal and
human models. The immunotherapeutic potential of several TB vaccines,
such as DNA vaccines, has been demonstrated although these compounds
were initially designed for prevention of primary infection17-20. In contrast,
attempts using a viral-vectored TB vaccine for therapeutic purpose failed in
a mouse model due to toxicity, probably reflecting an exacerbated immune
response19. Here, we discuss the most advanced TB vaccines specifically
designed for therapeutic application and we systematically analyse the rel-
evant studies of the available candidate therapeutic vaccine products.

4.2 Methods

Search strategy and selection criteria

We searched PubMed and EMBASE databases in September 2013 to identify
relevant non-clinical as well as clinical studies for TB vaccines intended for
therapeutic use. We identified five candidates, namely RUTI R©, M. vaccae,
V5, M. smegmatis, and M. indicus pranii. Additionally, we searched the na-
tional database of CNKI (Chinese National Knowledge Infrastructure) to
detect relevant studies on M. smegmatis. We consulted the World Health
Organization International Clinical Trials Registry Platform (ICTRP) for ad-
ditional clinical studies. Key words for database search included “Tuber-
culosis” OR “TB” OR “Mycobacterium tuberculosis”. We used the vaccine
product name and “immunotherapy” OR “therapeutic vaccine”. The search
strategy was supplemented by hand searching reference lists of all relevant
articles. Other vaccine candidates with potential therapeutic use, not ori-
ginally designed for therapeutic applications, were considered beyond the
scope of this review.

Data acquisition

Two investigators (MIG and SAP) independently reviewed the title and ab-
stract of all publications identified by the search strategy. The full text of
the relevant papers was reviewed using predetermined criteria for further
quality assessment of all clinical studies with reported randomised, con-
trolled trials in which subjects received immunotherapy and/or chemo-
therapy. The study subjects were defined as TB patients, irrespective of
drug susceptibility of the M. tuberculosis isolates, with or without co-infection.
With no language restrictions, we included all clinical trials in humans and
excluded open-label and self-reporting studies.
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Quality assessment

For quality assessment we used the Jadad scoring system21. Points were
awarded as follows: study described as randomised, 1 point; additional
point for mentioning the appropriate method, 1 point; inappropriate ran-
domisation method, deduct 1 point; study described as double-blind, 1
point; appropriate method of blinding, 1 point; inappropriate method of
blinding, deduct 1 point, and description of withdrawals and dropouts, 1
point; maximum score, 5 points; 3–5 scores reflecting high quality.

4.3 Results and discussion

The RUTI R© vaccine

The RUTI R© candidate vaccine has been designed at the Hospital Universit-
ari Germans Trias i Pujol in Catalonia, Spain22. It is composed of detoxified
and liposomal cellular fragments of M. tuberculosis bacilli from the com-
pany Archivel Farma in Badalona, Catalonia, Spain. It is cultured under
stress conditions (intra-granulomatous conditions) to induce latency anti-
gens which would normally be hidden from the immune system23,24. It
is detoxified to decrease the risk of the exacerbated immune response and
fragmented to facilitate processing and presentation of cell wall antigens.
The cell wall antigen preparation has an average size of 0.1 µm and ex-
erts adjuvant properties23. RUTI R© contains very low lipoarabinomannan
(LAM), an endotoxin-like molecule, which has been implicated in intra-
granulomatous necrosis. RUTI R© is delivered in liposomes to warrant the
homogeneity of the preparation, and probably promoting access to the in-
tracellular compartment, resulting in Major Histocompatibility Complex
(MHC) class I presentation to CD8+ T cells24. RUTI R© vaccine expresses a
wide range of latency antigens. As RUTI R© does not decrease the bacterial
load directly, it needs to be given subsequent to previous chemotherapy22,23.
The immune response to RUTI R© has been studied in mice, guinea pigs
and healthy volunteers and is characterised by a poly-antigenic, mixed
Th1/Th2/Th3 response22. Its main immunotherapeutic effect however is
induction of Th1 response not only against growth-related antigens but
also structural antigens as shown in a murine model24. The role of the
Th3 induction has been less obvious but it might be involved in the disease
chronicity as shown in murine model of TB22.

In the experimental animals immunised with RUTI R©, no elevated Im-
munoglobulin (Ig)E levels were observed and histology revealed no eos-
inophilia, necrosis, or granulomatous infiltration, and allergic or hyper-
sensitivity reactions have not been observed22. In murine models, RUTI R©

triggered a Th1/Th2 response as well as IgG1, IgG2a and IgG3 antibodies
against some 13 M. tuberculosis antigens, reflecting its broad immunogenicity22.
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The Th1 response was enhanced as shown by increased interferon (IFN)-
γ expression compared to controls under chemotherapy alone. Further,
RUTI R© increased lung CD8+ T cells, considered relevant to control latent
TB infection (LTBI)23. In guinea pigs, RUTI R© elicited a 10-fold increase in
IFN-γ production by CD8+ T cells25. When LTBI was induced, RUTI R© re-
duced relapses and induced splenic T-cells26. RUTI R©-treated mice showed
less pulmonary granulomatous infiltration than mice with BCG treatment24.
Also, RUTI R© stimulates stronger IFN-γ secretion by CD4+ cells compared
to BCG against early secretory antigen target (ESAT)-6, Ag85B, and puri-
fied protein derivatives (PPD) and it induces an immune response against
structural antigens Ag16 kDa and Ag38 kDa. The mRNA expression of
Tumor Necrosis Factor (TNF)-α, Interleukin (IL)-12, inducible Nitric Ox-
ide (NO) synthase, and ‘regulated upon activation, normal T-cell expressed
and secreted’ (RANTES; or Chemokine Ligand 5: CCL5) in lung tissue were
all increased24. RUTI R© was at least as potent as BCG in reducing bacillary
load. Combining BCG prime and RUTI R© boost enhanced this effect27.

In goats infected with M. caprae, an experimental animal model for TB
vaccine trials28, RUTI R© was combined with isoniazid therapy and com-
pared to an untreated control group and a group that received only iso-
niazid. Only the RUTI R© plus isoniazid-treated animals showed signific-
antly increased IFN-γ release29. Safety issues were negligible; a mild tran-
sient increase in body temperature as well as local swelling at the site of
injection were observed29. A similar study was conducted with specific
pathogen-free minipigs experimentally infected with M. tuberculosis. The
RUTI R© treated animals showed peaks of specific IFN-γ production in peri-
pheral blood once stimulated with specific M. tuberculosis antigens and
leading to reduced numbers of new TB lesions. This favoured the mat-
uration of M. tuberculosis induced granulomas to walling off and to calci-
fication, hereby reducing the flux of dormant bacilli from the lesions with
constant endogenous re-infection, reflecting LTBI30.

Clinical studies of RUTI R©

Literature search after removing duplicates revealed 38 articles (Table 4.1) -
12 in Pubmed and 32 in Embase. Eight relevant papers15,22-24,27,29,31,32 were
analysed for full text. Only one study met our inclusion criteria for Jadad
score assessment15 while five studies represented animal models22,24,27,29,32

and two were reviews23,31.
In the first clinical trial (Table 4.1), four increasing doses of RUTI R© (5,

25, 100 and 200 µg) were administered subcutaneously to determine safety
and immunogenicity. RUTI R© was injected twice, 28 days apart. T-SPOT TB
was used to assess numbers of IFN-γ-secreting cells among total peripheral
blood mononuclear cells and Quantiferon-TB-Gold to measure the amount
of IFN-γ secreted. RUTI R© induced a poly-antigenic response against M.
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Ref. Jadad
Score

Study
type

Participants Intervention Outcome

[15] 5 Phase I healthy
volunteers
(n =24)

Four groups (doses
of 5, 25, 100, 200
µg) administered
s.c.

no serious adverse events;
increased IFN-γ release
against M. tuberculosis
antigens

Table 4.1: Clinical studies with the RUTI R© vaccine candidate

tuberculosis antigens, expressed by dormant bacteria15. Mild to moderate
but dose dependent transient adverse effects were observed in RUTI R©-
challenged study participants. Local itch - a problem that has since been
addressed by the manufacturer, and swelling with sterile granulomatous
panniculitis in two of the 24 volunteers were reported. Adverse events
were highest with the 200-µg dose suggesting a slight exacerbated immune
response7. The authors assume that this reaction might be higher in lat-
ently infected or BCG-immunised individuals, possibly also even at lower
doses; dosage seems crucial for safety.

In a phase II clinical trial (personal communication with the author),
two vaccinations one month apart with three doses of RUTI R© were admin-
istered (5, 25 and 50 µg) subcutaneously in LTBI patients (HIV negative and
HIV positive) in a double-blinded clinical trial (total of 96 subjects). Overall
there was a good safety profile, with virtually no systemic adverse events,
and few local side effects consisting of minor pain, and a relatively high
proportion of (usually, self-limiting) nodules, especially after the second
vaccination. The 25 µg dose showed the best poly-antigenic profile. Thus
the aim is to start a Phase III trial analyzing the protective effect of one vac-
cination of 25 µg of RUTI R© in LTBI HIV positive subjects after the standard
treatment of LTBI (6 months of isoniazid).

Heat-killed Mycobacterium vaccae

M. vaccae is a rapidly growing saprophytic NTM33 selected and initially ap-
plied to TB patients in London34. It is considered to be non-pathogenic; hu-
man infection has only rarely been reported35 and in these case reports the
identification of the causative organism was not convincing. A rough vari-
ant of the original isolate from the Ugandan environment36 (NCTC 11,659)
has been used to prepare a reagent (SRL 172, Stanford-Rook, London), con-
taining 109 heat-killed organisms/dose, and administered by intradermal
injection over the deltoid muscle37. Whole-cell, killed M. vaccae with a
vast array of antigenic epitopes presented to circulating T-lymphocytes in-
duced a broad reaction cellular immune response towards M. tuberculosis37,
by presenting shared mycobacterial antigens. These shared mycobacterial
antigens include Heat shock proteins (Hsp) such as Hsp71, Hsp65, LAM,
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Ref. Jadad
Score

Study
type

Participants Intervention Outcome

[64]
[71]

3 Phase II 22 Smear+,
pulmonary
TB patients

3 x 0.1 ml i.d. infection of
SLR172 (SR Pharma PLC,
London) at day 1, 30, and 60
upon start of therapy

Bacteriological,
radiological, clinical,
immunological
Improvement

[65] 1 Phase II 10 Smear+,
HIV-,
pulmonary
TB patients

10 x 1 mg i.o. SLR172
(NCTC 11659 strain)
powder on days 1, 7, 14, 21,
28 and monthly to 6 months

Bacteriological,
clinical, radiological,
immunological
improvement

[74] 3 Phase II 43 Smear+

pulmonary
TB patients

Daily doses of tableted
M. vaccae (Vaccae) (Anhui
Longcom), administered for
30 days along therapy

Bacteriological (not
significant) and
clinical improvement

[75] 3 Phase II 41 Smear+

pulmonary
TB patients

Daily doses of tableted M.
vaccae (V7) of NTCT11659
strain (Immudolon
Therapeutics), administered
for 30 days along therapy

Bacteriological,
biochemical, and
clinical improvement

Table 4.2: Clinical studies of M. vaccae

some low molecular weight (smaller than 40 kDa) secreted antigens37. In
animals previously sensitised by soluble antigens of M. tuberculosis and M.
vaccae, very similar delayed-type hypersensitivity (DTH) responses were
evoked by judging the swelling profile38.

M. vaccae immunotherapy enhances host defence against M. tubercu-
losis by promoting Th1 and suppressing Th2 response39. Most of the evid-
ence that M. vaccae is able to induce a favourable immune response comes
from mouse models. M. vaccae immunotherapy generates CD8+ cytotoxic
T lymphocytes which kill macrophages infected with M. tuberculosis, with
increased production of IFN-g. Macrophages in turn, produce more IL-12
in response to stimulation by these CD8+ T cells40. Immunohistochemical
analysis revealed highly expressed IFN-g cells in inflammatory infiltrates
and granulomas in M. tuberculosis infected mice vaccinated with M. vac-
cae41. These various studies suggest that M. vaccae can induce a protective
immune response towards M. tuberculosis.

Many earlier clinical trials of M. vaccae immunotherapy in TB have been
reviewed extensively in 200416. For the purpose of this review we summar-
ise the major findings (see also Table 4.2. In the first trials of efficacy of M.
vaccae immunotherapy conducted in Kuwait and Gambia, a single injection
of irradiation-killed M. vaccae given after start of chemotherapy was associ-
ated with better clinical outcome and enhanced immune response against
mycobacterial antigens42,43. A heat-killed preparation of M. vaccae was later
proven to be more effective44. Two trials in Romania demonstrated the be-
nefit of M. vaccae immunotherapy in MDR-TB patients45,46. Other studies
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Name Producer Admin. Immune response Safety Remark
M. vaccae Immudolon,

London &
Anhui
Longcom,
China

i.d.,
i.m.,
i.o.

Promotes Th1
response,
suppresses Th2
response

Mild local
reactions
observed

multiple doses
required

RUTI R© Archivel Farma,
Barcelona

s.c. Mixed Th1/2/3
polyantigenic
response

no hyper-
sensitivity
observed

Further safety
studies
warranted

M. smeg-
matis

Wuhan Institute
of Biological
Products, China

s.c. Two-way immune
modulation

Only mild
local
reactions
observed

Large,
randomized,
efficacy studies
required

M. indicus-
pranii

Immuvac,
Cadila Pharma-
ceuticals,
India

s.c.,
Aero-
sol

Promotes Th1
response

no human
infection
ever
reported

Aerosol
administration
likely to
increase patient
compliance

V5 Immunitor,
Canada

i.o. Improved clinical
parameters,
attenuates
TB-associated
inflammation

No exacer-
bated
immune
response
reported

The exact
content
remains to be
determined

Table 4.3: Profile of selected therapeutic vaccine candidates for TB

showed enhanced cell-mediated immune response, better sputum conver-
sion rate, radiological improvement, and improved cure rates in MDR-TB
patients receiving M. vaccae immunotherapy47,48. The M. vaccae immuno-
therapy is potentially inexpensive and could therefore easily be implemen-
ted in TB control programs in developing countries and indeed, it has been
alluded to as a potential breakthrough in TB management49-51.

Safety has been demonstrated following intradermal injection of heat-
killed M. vaccae. A minor local response has been observed, similar to BCG
vaccination, spontaneously resolving in most cases within 72 h52. A minor-
ity of patients experienced generalised side effects not exceeding mild head-
ache and fever, during the night following injection43. Generally, M. vaccae
immunotherapy was well tolerated with no exacerbated immune response
ever reported. Such reactions have only been reported with skin test anti-
gens derived from M. tuberculosis itself, or with soluble skin test prepara-
tions of some other slow-growing mycobacteria37,53. Studies in which the
soluble antigen of M. vaccae was added to tuberculin and injected into per-
sons making an exacerbated immune response to tuberculin alone, showed
the response could be ablated54. M. vaccae probably possesses attenuat-
ing components55. For TB patients co-infected with HIV, live attenuated
vaccines like BCG are inappropriate; indeed, progression to BCG disease
may ensue56,57. M. vaccae immunotherapy was safe and well tolerated in
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HIV-co-infected adults with pulmonary TB58. A three-dose and five-dose
intradermal heat-killed M. vaccae was also well tolerated in HIV-infected
subjects59.

A study conducted in South Africa, the first large randomised double-
blind controlled trial, revealed no benefit of M. vaccae immunotherapy60

but a different M. vaccae immunotherapeutic product was used. Several
other trials also failed to show benefit of M. vaccae immunotherapy52,61. In
these trials, only one dose of M. vaccae was given. In a meta-analysis of sev-
eral trials, no benefit was found of single-dose M. vaccae immunotherapy
mainly due to the large size of the Durban study62. Such dosing was shown
to be effective in trials conducted in Argentina, The Gambia, Kuwait, Ni-
geria, Romania, and Uganda63. Several explanations for the observed dif-
ferences in efficacy of single-dose therapy have been brought forward; co-
morbid conditions leading to dominant Th2-responses, such as helminthic
infection, could impair cellular immunity essential for fighting M. tubercu-
losis. In these conditions, repeated doses of M. vaccae may be required to
induce a change towards Th1 cytokine response16,63. M. vaccae immuno-
therapy comprising as many as 12 doses given at two-month intervals has
been shown to be safe and beneficial in chronic MDR-TB patients48.

Clinical studies of M. vaccae

We limited our search to articles published after 2004. The literature search
on Pubmed (n = 22) and Embase (n = 31) identified 42 articles ignoring du-
plicates, with 12 considered relevant. Of these64-75, five met our inclusion
criteria64,65,71,74,75. Three pre-clinical studies using animal model68,69,72, as
well as two meta-analysis67,73, a review paper66, and a pilot study70 were
not further Jadad-assessed for quality.

All of the reviewed trials (Table 4.2) supported multiple doses of M. vac-
cae as a TB immunotherapy. An additional analysis on radiographic heal-
ing of three major trials failed to show benefit of single dose M. vaccae76 in
two. In newly diagnosed TB patients, three doses of intradermal injection
of M. vaccae with monthly intervals from start of chemotherapy resulted in
improved clinical outcome, including several immunological parameters
mirroring restoration of Th1/Th2 balance, and a marked fall in bacterial
numbers notably over the first month64,71. Taken together, the evidence
available strongly supports multiple administration of M. vaccae. The un-
derlying mechanism of M. vaccae immunotherapy might involve reduction
of Th2 response and enhancement of the innate arm of the immune system
as evidenced by recent animal studies68,72. The need for multiple dosing
has raised concerns as repeated intradermal injections of M. vaccae could be
less well tolerated. An oral preparation of M. vaccae would be advantage-
ous. Immunotherapeutic effects of an orally administered M. vaccae pre-
paration have been shown in a trial involving moderately ill TB patients



Chapter 4. Therapeutic Vaccines for Tuberculosis 116

Name Producer Admin. Immune response Safety Remark
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required

RUTI R© Archivel Farma,
Barcelona
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response

no hyper-
sensitivity
observed

Further safety
studies
warranted

M. smeg-
matis
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of Biological
Products, China
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reactions
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pranii
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Cadila Pharma-
ceuticals,
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sol
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no human
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reported

Aerosol
administration
likely to
increase patient
compliance

V5 Immunitor,
Canada

i.o. Improved clinical
parameters,
attenuates
TB-associated
inflammation

No exacer-
bated
immune
response
reported

The exact
content
remains to be
determined

Table 4.3: Profile of selected therapeutic vaccine candidates for TB
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All of the reviewed trials (Table 4.2) supported multiple doses of M. vac-
cae as a TB immunotherapy. An additional analysis on radiographic heal-
ing of three major trials failed to show benefit of single dose M. vaccae76 in
two. In newly diagnosed TB patients, three doses of intradermal injection
of M. vaccae with monthly intervals from start of chemotherapy resulted in
improved clinical outcome, including several immunological parameters
mirroring restoration of Th1/Th2 balance, and a marked fall in bacterial
numbers notably over the first month64,71. Taken together, the evidence
available strongly supports multiple administration of M. vaccae. The un-
derlying mechanism of M. vaccae immunotherapy might involve reduction
of Th2 response and enhancement of the innate arm of the immune system
as evidenced by recent animal studies68,72. The need for multiple dosing
has raised concerns as repeated intradermal injections of M. vaccae could be
less well tolerated. An oral preparation of M. vaccae would be advantage-
ous. Immunotherapeutic effects of an orally administered M. vaccae pre-
paration have been shown in a trial involving moderately ill TB patients
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with advanced disease. Compared to the injected preparation, the oral
preparation only failed to induce increased TNF-α production65. This pre-
liminary result has led to the development of a tableted M. vaccae product
(V7) derived from two different strains of M. vaccae, the Immodulon batch
and Anhui Longcom batch. In two separate Phase 2 studies aimed to in-
vestigate their safety and efficacy, both V7 products managed to produce
better sputum mycobacterial clearance when administered in TB patients,
although the improvement in one of these studies did not reach statistical
significance74,75.

The cell wall of M. vaccae appears to be responsible for immunostimu-
latory effects - at least in part. The immunogenic effects of the cell wall skel-
eton fraction were higher than those induced by whole heat-killed myco-
bacteria69,70. Whole M. vaccae components present in the bacteria could
obscure the strong effects elicited by the cell wall skeleton. This could ex-
plain variable results of M. vaccae immunotherapy across studies and study
sites and therefore warrant further exploration. M. vaccae immunotherapy
has also been reported to improve liver damage73. Drug-induced liver in-
jury (DILI) is a major adverse effect in TB treatment and probably the most
important cause of interruption of TB therapy. Several contributing factors
associated with the development of DILI have been identified77-80, DILI has
a considerable impact in treatment outcome81. Therefore, if M. vaccae could
reduce DILI this would be highly beneficial.

In summary, the data discussed here further support the use of mul-
tiple doses of M. vaccae immunotherapy when added to chemotherapy in
TB. There are now many cancer patients who have received 30 or 40 in-
jections without adverse events82,83. The results were consistent with two
recent meta-analyses that also support M. vaccae immunotherapy both in
treatment-naive and retreated TB patients67,73. In the recent meta-analysis73

studies with both single and multiple doses were included, while most of
these studies were conducted in China using an in-house preparation of M.
vaccae administered by intramuscular injection (Anhui Longcom, China).
Whether or not differences in M. vaccae preparation and route of adminis-
tration can explain differences in outcome across studies needs to be fur-
ther elucidated; a head-to-head comparison of different preparations of M.
vaccae is perhaps needed.

V-5 Immunitor (V5)

V5 is an oral therapeutic vaccine initially developed and approved for man-
agement of chronic hepatitis. V5 is derived from pooled blood of hepatitis
B and C positive patients upon chemical and heat inactivation. V5 efficacy
in attenuating immune-induced inflammation has been shown when ad-
ministered to chronic hepatitis patients84-86. During these investigations, it
appeared that V5 could be beneficial to TB patients as well. Of 17 TB pa-
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tients enrolled in a hepatitis C trial treated with V5, 16 had sputum clear-
ance within one month87. To date the exact content of V5 is unknown. As
an estimated 1/3 of these positive donors are latent TB carriers, it is sug-
gested that it contains latency-associated M. tuberculosis antigen, thereby
resembling RUTI R©.

Clinical studies of V5

The database search was performed on Pubmed (n= 26) and EMBASE (n=27)
(Table 4.4). Duplicates were removed and after reading the title and ab-
stract a total of eight articles considered relevant were discussed84-91. Of
these eight relevant articles, three met our inclusion criteria81-83 and subject
to further quality assessment by Jadad scoring system. Three articles were
not suitable for further quality assessment85-87 due to the non-randomised
study design (open label), although in these studies a subset of TB patients
co-infected with hepatitis were recruited as participants, while two articles
were review papers84,91. Two articles were considered high quality while
one article was low quality (the author did not mention blinding proced-
ures and the reasons for patients withdrawal and dropout for each treat-
ment group). In these three separate clinical trials (Table 4.4), V5 has been
shown beneficial and safe when administered to TB patients. Liver bio-
chemistry, erythrocyte sedimentation rate, percentage of lymphocytes in
the differential count, as well as body weight improved significantly in the
V5 arm of these phase IIb placebo controlled studies88-90. TB associated
inflammation improved, as shown by decreased leukocyte counts. In the
two trials, sputum conversion occurred in 78.3% and 88.7% of TB patients
after a month89,90. In the first trial, none of the placebo treated patients con-
verted, while 14.8% of controls did in the later89,90. The other trial repor-
ted equally positive results, 96.3% became sputum smear negative within
a month when treated with V588. While results were similar for newly TB
treated patients, relapsed, or MDR-TB cases, conversion rates in MDR-TB
appeared to be higher than in first-diagnosed TB, though without signi-
ficant difference. In general there was no difference between newly dia-
gnosed TB, relapsed, or retreated TB5. No adverse effects relating to V5 use
were observed during follow up in all studies. In contrary V5 ameliorate
DILI caused by TB chemotherapy as reduction in liver enzymes, baseline
bilirubin, and abnormal liver size could be observed in V5-receiving TB
patients88-90.

4.3.1 Mycobacterium smegmatis

M. smegmatis is a saprophytic non-tuberculous mycobacterium (NTM) that
shares similar antigens with M. tuberculosis. Similarity between M. smeg-
matis and M. tuberculosis has been shown in genomic and functional levels,
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Ref. Jadad
Score

Study
type

Participants Intervention Outcome

[90] 3 Phase
IIb

34 Smear+,
pulmonary MDR-TB
patients

Once daily V5 tablet
along chemotherapy

Bacteriological,
clinical, biochemical
Improvement

[88] 2 Phase
IIb

55 Smear+, HIV+,
retreated pulmonary
MDR-TB patients

Once daily V5 tablet
along chemotherapy

Bacteriological,
clinical, biochemical
improvement

[89] 3 Phase
IIb

123 Smear+, HIV+,
relapsed pulmonary
MDR-TB patients

Once daily V5 tablet
along chemotherapy

Bacteriological,
biochemical, clinical
improvement

Table 4.4: Clinical studies of V5 vaccine candidate

in which M. smegmatis expresses 13 identified target-proteins of M. tubercu-
losis that are highly expressed and have crucial role to adapt different host
conditions during different stages of infection92. A whole-cell extract of
M. smegmatis was developed by the Wuhan Institute of Biological Products
in China and has completed a phase I trial93. Animal study showed that
M. smegmatis immunotherapy promotes Th1 response and inhibit Th2 re-
sponse, thus resembling M. vaccae94. Further, M. smegmatis immunother-
apy also promoted NO production by peritoneal macrophages in a mouse
study95,96. While given to animal with different immune status, the immun-
otherapy promoted a recovery towards normal immune function in the
hypo-function model, it inhibited the excessive DTH in the hyper-function
model, suggesting a two-way immune modulation function of the immuno-
therapy97. No long term toxicity of the immunotherapy has ever been ob-
served in animal model98. The a-cellular preparation of the vaccine has also
been tested in guinea pigs with promising results99.

Clinical studies of M. smegmatis

The database search was performed on CNKI (n= 75) and after reading the
title and abstract a total of seven considered relevant articles were discuss-
ed94-100. The search on Pubmed and EMBASE did not result in relevant
articles. Further quality assessment was not performed due to the unavail-
ability of the full text article. Six articles were pre-clinical studies94-99, while
one article was a phase I study100. All articles were in Chinese language.
In the phase I clinical study, M. smegmatis was injected subcutaneously as
a single dose in healthy individuals up to six doses in weekly basis100. All
volunteers tolerated M. smegmatis immunotherapy well, only mild adverse
events such as local pain, lymph swelling, fever, and rash were reported.
It is of interest that in a subset of study participants with strong-positive
tuberculin reaction, a reduction of the positive degree of the tuberculin re-
action was observed following the immunotherapy100. In another study
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trying to assess its preventive effect, M. smegmatis was given to individuals
with positive tuberculin reaction at doses of 8.7 µg, 17.5 µg, and 35.0 µg
respectively every two weeks101. In this study reduction of tuberculin skin
test diameter before and after immunotherapy was seen in all doses, de-
noting M. smegmatis capability in preventing the occurrence active disease
in LTBI.

Mycobacterium indicus pranii (MIP)

MIP is a cultivable, soil, non-pathogenic NTM which was first developed
and approved as leprosy vaccine102. It shares several antigens not only
with M. leprae, but also M. tuberculosis. It has been suggested to refer to
MIP instead of M. w in order to bypass confusion with M. tuberculosis-W
(Beijing strain)103. An in vitro study has shown MIP capability to enhance
macrophages activation through toll-like receptors-2 and nucleotide oligo-
merisation domain-like receptors-2104. Moreover, MIP also hampers the re-
cruitment of non-infected macrophages to the site of infection which might
also attenuate the progression of TB disease105. Use of MIP for TB immun-
otherapy has also been demonstrated in mouse and guinea pig models. In
all models, MIP induces a strong Th1 response106-108. MIP is self-limiting,
as no viable MIP bacterial could be detected in lungs (upon CFU counting
on Löwenstein-Jensen slopes) 6-7 weeks following immunisation107. This
is an important safety factor, as well as favourable for inducing a memory
response. In mice infected with M. tuberculosis H37Rv strains MIP alone,
MIP as adjunct to chemotherapy and chemotherapy alone was compared.
CFU in lungs and spleen as well as number of M. tuberculosis organisms
decreased significantly in the MIP immunotherapy group, immunised at
week four and six upon initiation of chemotherapy, compared to MIP or
chemotherapy alone102. MIP administered by aerosol route caused 80% re-
duction of living bacilli in alveolar macrophages compared to control, also
significantly higher than the BCG treated group107. IFN-γ secretion was in-
creased suggesting a Th1 response. Aerosolised MIP (with either alive, or
killed MIP) was superior to subcutaneous immunisation and life MIP was
more immunogenic than killed MIP107.

In guinea pigs infected with the M. tuberculosis H37Rv strain, MIP as
adjunct to chemotherapy accelerated bacterial killing and improved organ
pathology (measured four weeks post immunisation). More activated an-
tigen presenting cells and lymphocytes were found in infected lungs with
increased numbers of Th1 cells106. In this study, bacterial killing between
day 30-60 took place only in the immunotherapy group suggesting an im-
portant role for MIP. Hence, MIP does not reduce treatment duration but
eradicates persistent bacteria106. The strong early Th1 response, potenti-
ated by increased IL-12 and TNF-α, is thought to be a key factor in bacterial
killing107. Also in guinea pigs, MIP proved to be significantly more immun-
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Ref. Study
type

Participants Intervention Outcome

[110] Full text
N/A

134 Smear+,
pulmonary TB patients

Immunomodulator
containing MIP fortnightly

Bacteriological
improvement

Table 4.5: Clinical studies of the M. indicus-pranii vaccine candidate

ogenic than BCG, and long-term survival was 20% higher than BCG107.

Clinical studies of MIP

Literature search identified 27 studies (Pubmed n=11 and Embase n=16)
(Table 4.5. After removal of duplicates and exclusion of studies that were
not relevant we obtained six articles102,107-111. Of these studies four were
excluded as they represented animal studies102,107,108,111 and one in vitro
study109. We were not able to access the full text of this study (Table 4.5).
In this study patients with pulmonary TB treated with an immunomod-
ulator containing MIP every 15 days along with chemotherapy showed
earlier sputum clearance (30 days compared to 60 days with chemother-
apy alone)110. No difference was detected between new TB and retreated
cases.

4.4 Conclusions - The way ahead

Several therapeutic vaccine products discussed hold promise - immune
modulation, as demonstrated by M. vaccae and targeting the persister M.
tuberculosis, as exemplified by RUTI R©, represent the two major approaches
in TB immunotherapy. M vaccae has passed Phase III clinical trials, includ-
ing MDR-TB and HIV co-infected individuals, while the RUTI R© candidate
vaccine has only been tested in individuals with LTBI with and without
HIV co-infection. MDR-TB represents an important subset of patients as
therapeutic vaccination could provide added benefit with fewer pharmaco-
therapeutic options. Further safety and immunogenicity data of the RUTI R©

vaccine candidate in humans treated for MDR-TB are required before a
Phase III randomised controlled trial can be considered. The dosing sched-
ule for the RUTI R© vaccine should be carefully assessed in order to prevent
exacerbated immune responses. RUTI R© well after the start of standard-
ised treatment might be a secure initial step. Only in the absence of serious
adverse events it could be given earlier on. With more evidence on safety
and immunogenicity of RUTI R© vaccine in patients with active MDR-TB, a
head-to-head comparison of these two products would be an aspiring fu-
ture step. Considering that both products trigger different components of
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the immune system, combined interventions should be considered (Table
4.3).

Apart from these two candidates, the therapeutic efficacy of the two
NTMs – M. smegmatis and MIP – should also be further investigated. M.
smegmatis possesses the capability to induce two-way immune modulation
response, while MIP might be applied in aerosol route, which would be ad-
vantageous in the context of TB immunotherapy. As the case of V5, the au-
thors suggest that it has led to the induction of immune tolerance, thereby
ameliorating the patients’ condition. Oral administration of antigens may
suppress immune stimulation by rather inducing immune tolerance and
ultimately preventing an exacerbated immune response. The induction of
immune tolerance is also an important aspect as it would overcome the
pathological immune response in TB disease and might be regarded as a
novel approach in TB immunotherapy. Other possible mechanisms of ac-
tion of V5 might involve the presence of substances that directly influence
immune response against M. tuberculosis, thus the exact content of V5 still
remains to be further elucidated.
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Ref. Study
type

Participants Intervention Outcome

[110] Full text
N/A

134 Smear+,
pulmonary TB patients

Immunomodulator
containing MIP fortnightly

Bacteriological
improvement

Table 4.5: Clinical studies of the M. indicus-pranii vaccine candidate

ogenic than BCG, and long-term survival was 20% higher than BCG107.

Clinical studies of MIP

Literature search identified 27 studies (Pubmed n=11 and Embase n=16)
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earlier sputum clearance (30 days compared to 60 days with chemother-
apy alone)110. No difference was detected between new TB and retreated
cases.

4.4 Conclusions - The way ahead

Several therapeutic vaccine products discussed hold promise - immune
modulation, as demonstrated by M. vaccae and targeting the persister M.
tuberculosis, as exemplified by RUTI R©, represent the two major approaches
in TB immunotherapy. M vaccae has passed Phase III clinical trials, includ-
ing MDR-TB and HIV co-infected individuals, while the RUTI R© candidate
vaccine has only been tested in individuals with LTBI with and without
HIV co-infection. MDR-TB represents an important subset of patients as
therapeutic vaccination could provide added benefit with fewer pharmaco-
therapeutic options. Further safety and immunogenicity data of the RUTI R©

vaccine candidate in humans treated for MDR-TB are required before a
Phase III randomised controlled trial can be considered. The dosing sched-
ule for the RUTI R© vaccine should be carefully assessed in order to prevent
exacerbated immune responses. RUTI R© well after the start of standard-
ised treatment might be a secure initial step. Only in the absence of serious
adverse events it could be given earlier on. With more evidence on safety
and immunogenicity of RUTI R© vaccine in patients with active MDR-TB, a
head-to-head comparison of these two products would be an aspiring fu-
ture step. Considering that both products trigger different components of
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Abstract

RUTI R© vaccine is composed of fragmented, heat-killed M. tuberculosis cells
grown under hypoxic conditions designed to shorten tuberculosis treat-
ment. It has proven to be clinically safe and immunogenic in Phase I and
II studies in healthy volunteers and latently tuberculosis (TB) infected in-
dividuals, both HIV +/-. RUTI R© vaccine stimulates host immune effectors
directed at bacilli that persist under antibiotic therapy. The first step is as-
suring that the RUTI R© vaccine is safe in patients with multidrug-resistant
(MDR)-TB at two different time points of vaccination. This is a prospective,
randomised, double-blind, multi-centre, placebo-controlled clinical phase
IIa trial to evaluate safety and immunogenicity of RUTI R© vaccine in MDR-
TB patients favourably responding to standard MDR-TB treatment. Time
point of vaccination starts at 16 weeks upon start of standard MDR-TB
treatment (cohort A), and if clinically safe as evaluated by an independent
panel of experts, another cohort of patients will be vaccinated at 12 weeks
upon start of standard MDR-TB treatment (cohort B). All the patients will
be followed up 8 weeks after vaccination. This trial will provide new in-
sights into the safety of therapeutic vaccination in the context of MDR-TB.
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5.1 Introduction

The threat and emergence of multidrug-resistant Tuberculosis (MDR-TB) is
a global public health priority. By 2017, the WHO estimated the global in-
cidence of MDR-TB to be around 558,000 among the world’s 10 million new
cases of TB and 100 countries around the world have reported at least one
case of Extensively drug-resistant (XDR-) TB1,2. In some countries alarming
levels of MDR-TB have been notified with nearly one out of two TB patients
being affected with MDR-TB3. Surveillance data from South Africa indic-
ate a high prevalence of drug-resistant TB in the region4, with a hall-mark
paper reporting an alarmingly high mortality rate in XDR-TB patients co-
infected with HIV5. The magnitude of the epidemic may be much larger as
drug susceptibility testing is not available in many high burden areas. Out-
come of MDR-TB treatment is poor: of all MDR-TB cases worldwide who
started treatment in 2010 only 48% had a favourable outcome6. Studies
reporting treatment success rates of 86% such as in the Groningen Tubercu-
losis Unit do not reflect service conditions7.

Early case finding and prompt effective treatment under direct observa-
tion have been the mainstay of TB control around the world. This policy has
largely failed to prevent the new epidemic of MDR-TB. Failure to contain
the MDR-TB epidemic is possibly also explained by sub-therapeutic drug
concentrations in patients with enhanced drug metabolism8, in the absence
of therapeutic drug monitoring. Most newly diagnosed cases of MDR-TB
are now detected in patients that never had any previous TB treatment
while previous treatment remains the most strongly associated risk factor
to have MDR-TB9. MDR-TB is difficult and costly to treat, and is associated
with long hospitalisation, drug toxicity, and social isolation. Shortening of
treatment by immunotherapeutic interventions such as RUTI R© vaccination
would be an important asset in stopping the emergence of MDR-TB.

Currently, there is no treatment option for those with latent MDR-TB
infection. Approximately one quarter of the world population is latently
infected with M. tuberculosis (Mtb), the causative agent of TB, and an un-
known percentage thereof is infected with MDR-Mtb. Latency is a state of
persistent immune response upon stimulation with Mtb without evidence
of clinically manifested active TB. One attainable approach to eradicate TB
world-wide (goal set by World Medical Association for 2050 and the WHO
End TB strategy) is to develop a vaccine active against latent Mtb that sub-
sequently protects these individuals from developing TB later. The best
model to study immunotherapy would therefore be to test vaccine candid-
ate products that have succeeded in in vitro and animal models, and have
successfully passed phase I and phase IIa testing in humans – with suffi-
cient evidence for immunogenicity and safety to be selected for phase IIb
and phase III studies.

Regions in Eastern Europe highly burdened with MDR-TB lack infra-
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structure to study novel approaches to combat MDR-TB, and current treat-
ment standards are primarily based on expert opinion rather than well de-
signed and conducted, controlled, and powered clinical trials. The pro-
posed study addresses the former key challenge by first establishing high-
quality treatment in the trial site hospitals inUkraine using current stand-
ards for diagnosis and treatment; and second, by establishing high stand-
ard clinical research capacity in these highly burdened regions in Ukraine.

Name and Description of the Investigational Product

The trial drug is RUTI R© vaccine, a poly-antigenic vaccine made from frag-
mented M. tuberculosis bacilli grown in stress, detoxified and liposomed,
designed to induce host immune response against latency epitopes. RUTI R©

achieves to control the reactivation of the Mtb bacilli in different experi-
mental models and it induces a poly-antigenic response against tubercu-
losis antigens in healthy and latently infected patients.

Summary of non-clinical and clinical studies

RUTI R© antituberculous vaccination has been tested in various animal mod-
els and exerts strong immunogenic T-cell responses10-15. Effectiveness has
been proven in a wide range of mice strains13 and larger animals such
as guinea-pigs, goats, and mini-pigs. Using three different experimental
models (infection intraperitoneally, by low-dose aerosol, and by aerosol-
infected guinea pigs) RUTI R© vaccine-treated animals showed the lowest
bacillary load in lungs and spleen. RUTI R© vaccine also decreased the per-
centage of pulmonary granulomatous infiltration in mice, and the patho-
logy score in the guinea-pig model. IFN-γ-production, a readout thought
to be correlated with protection against TB and recommended to be used
in vaccine evaluations16, was increased RUTI R© treated animals. One phase
I trial in healthy volunteers and one phase IIa trial in latently-infected per-
sons with and without HIV have been conducted and showed clinical safety
and acceptable tolerability11,17.

The Persister State

Mtb has the capability to turn off its cellular metabolism, halt replication,
and transform into a dormant stage under stress conditions (see Figure
??)10,18. This renders elimination of these organisms difficult for anti-tuber-
culosis drugs, which are therefore called “phenotypic persisters” or “phen-
otypic resistance”19. While dormancy is induced by stress imposed by the
host on Mtb persistence refers to the survival of Mtb under harsh condi-
tions (i.e. drug treatment or host immunity). The sub-population of per-
sistent Mtb organisms – though genetically identical to susceptible, fast-
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Figure 5.1: M. tuberculosis changes phenotype from actively replicating to
a dormancy or persisting phenotype by modifying the genetic program
during stress. These conditions include hypoxia, treatment with effective
drugs, or host-immunity. Several genes have been shown to be implicated
in this process

replicating, metabolically active bacteria – resist antimicrobial treatment
and host immunity. This is the very reason why treatment is as lengthy
and difficult20. Mtb enter the persister state by expressing a range of genes
when challenged by cellular immunity21 thereby escaping the host immune
response20,22,23 which is mainly directed towards growing and replicating
bacilli. This is based on the ‘Dynamic Hypothesis’ where the infecting ba-
cilli are drained from the granulomas and are able to constantly re-infect
the lung parenchyma24. While persistence refers to the survival of Mtb un-
der various stress conditions dormancy suggest a state in which bacterial
are viable but metabolically inactive25. Dormant Mtb can persist in healthy
individuals in a stage termed latent TB infection (LTBI).

Location of latent Mtb

Granulomas act as a suitable microenvironment where persisters of Mtb
reside and persist due to several environmental stress factors such as low
pH, nitric oxide, hypoxia, and limited nutrients26. Several other possible
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locations of these persistent Mtb, including adipose tissue, normal lung
parenchyma, and several other organs, have been tentatively identified25,27-29.

Immunotherapy

Eradication of persistent Mtb - virtually resistant to chemotherapy (see Fig-
ure ??) – by immunotherapy is a modern concept. Here we propose a
therapeutic vaccine that expresses latency-associated antigens as found in
dormant Mtb. Such vaccination should assist the host immune system in
boosting the immune response directed at these latency antigens, eventu-
ally resulting in complete eradication of persisting Mtb and shortening of
the currently long treatment. Similarly, it could be used to stimulate the
immune response during the continuation phase of TB treatment in which
the remaining bacteria are poorly sensitive, if not refractory, to antimyco-
bacterial agents, and potentiate chemotherapy. By reducing bacterial load
before vaccination the cytokine storm which causes the Th2-related exacer-
bated immune response can be prevented30; this is essential for therapeutic
vaccination.

Immunotherapy for MDR-TB or XDR-TB could improve the relatively
low treatment success rate. Therapeutic vaccines do not interfere directly
with the causative organism and hence, they are not involved in the de-
velopment of drug resistance31. Therapeutic vaccination would also be
beneficial for drug-sensitive TB as it could potentially shorten the current
6-month standard therapy and help diminish the development of drug res-
istance. Reducing the huge reservoir of Mtb – drug-susceptible or not – by
vaccination strategies could ultimately accelerate elimination of the disease
world-wide.

In summary, this study will provide i) first safety data of RUTI R© vac-
cination in patients with active infection of MDR-TB and ii) evaluate its
immunogenic potential to induce potent immune responses directed at per-
sister bacilli.

5.2 Objectives

Primary objective

This study is designed to demonstrate the safety of RUTI R© vaccine in MDR-
TB patients, who favourably respond to treatment, at 2 different time points
of vaccination. Criteria used are described below in section “5.5. Methods”
in more detail. In short this includes

1. Adverse events (i.e., number of grade 3-4 adverse events according
to the Common Terminology Criteria of Adverse Events, Version 4.0,
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2009, National Institutes of Health, U.S. Department of Health and
Human Services)

2. Clinical Evaluation on defined days (figure 5.3, table 5.1) following
RUTI R© injection: Vital signs, including blood pressure, pulse, respir-
atory rate, body temperature

3. Physical examinations

4. Laboratory tests (standard haematology, serum biochemistry; and CD4
counts and viral load in HIV+ patients)

Secondary objectives

The secondary endpoints are immunogenicity assessed by i) IFN-γ release
by PBMCs stimulated with antigens ex vivo overnight (ELISpot) and ii)
a mycobacterial growth inhibition assay and biomarker of inflammation
assessed by C-Reactive Protein (CRP) The exploratory objectives are:

1. To determine the efficacy of RUTI R© vaccination assessed by reduc-
tion of bacillary load: The time to positivity of sputum using liquid
and solid culture will be determined at 2, 3 month post initiation of
treatment, 4 month (immediately before vaccination) in Cohort A, 2
month post initiation of treatment and 3 month (immediately before
vaccination) in Cohort B and at time points 2 and 8 weeks post vac-
cination. The results between the intervention and control group will
be compared.

2. To generate data that may help defining the optimal time to admin-
ister RUTI R© instead of based on a fixed timeframe with 2 more time
points: the second and third month after antibiotic treatment initi-
ation to start the screening period in cohort A and B based on clinical
items (e.g. inflammatory biomarkers, immunogenicity). C-Reactive
Protein (CRP) is important as possible biomarker of inflammation.
The parameters Immunogenicity, Chest Xray and bacillary load should
be included.

5.3 Study design

This prospective, double-blind, randomised, placebo-controlled study is
designed to follow up RUTI R© vaccination of selected MDR-TB patients
admitted to the TB Unit Beatrixoord, Haren, The Netherlands and the TB
hospitals in Kharkiv, Ivano-Frankivsk and Lutsk, Ukraine, who respond
to chemo-therapeutic treatment. Including the screening and the follow
up period the study length is 24 weeks for Cohort A and 20 weeks for
Cohort B.
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Safety interim
analysis (DSMB)

If safe, proceed to second phase with vaccination after
12 wks of treatment

Cohort A: Vaccination at 16 weeks of standard 
MDR-TB treatment

Cohort B: Vaccination at 12 weeks of standard 
MDR-TB treatment

Patients under succesfull antibiotic treatment for 
MDR-TB which have been diagnosed by sputum

microscopy, culture & GeneXpert

RUTI Arm  n = 6 Placebo Arm n = 3

8 weeks follow-up, evaluation for clinical safety and 
tolerability, blood sampling for immunogenicity testing

Randomisation

Confirmation of improvement by: 
Chest X-ray, Clinical symptoms and bacillary load
(Reduction from 6 to 14 weeks by MGIT method)
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Patients under succesfull antibiotic treatment for 
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RUTI Arm (n = 12) Placebo  Arm (n = 6)

8 weeks follow-up, evaluation for clinical safety and 
tolerability, blood sampling for immunogenicity testing

Randomisation

Confirmation of improvement by: 
Chest X ray, Clinical symptoms and bacillary load
(Reduction from 6 to 10 weeks by MGIT method )

S
cr

e
e
n
in

g

WIC

Figure 5.2: Clinical trial design. This phase II trial is divided into two sub-
sequent cohorts. Cohort A receives vaccination after 16 weeks of treatment
and, upon safety analysis and DSMB consultation, Cohort B is vaccinated
after 12 weeks of treatment.
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Target population

Patients admitted in a TB unit / hospital routinely diagnosed with pul-
monary MDR-TB (according to clinical status with TB score33 > 6) com-
bined with chest radiography; and microbiological criteria, either by using
rapid genetic testing, e.g., gene Xpert, or Line Probe Assay; or classical dia-
gnostic tools including sputum microscopy and culture followed by phen-
otypic drug susceptibility testing), under effective standard MDR-TB treat-
ment according to latest WHO treatment recommendations34 (use of four
second-line drugs likely to be effective as well as pyrazinamide in the in-
tensive phase).

Written informed consent (WIC)

The patients will be offered participation by the study doctor explaining
the information sheet (see figure 5.2); after screening for in- and exclusion
criteria, and appropriate time to consider participation. As blood testing,
chest radiography, microbiological culture and physical examination are
part of the screening participants will be asked informed consent for these
two actions with an informed consent form. Once necessary values and
information during screening has been obtained participants will receive
the full informed consent form to participate in the study.

Screening, randomisation and vaccination

Consenting individuals will be randomised to either the intervention group
(Cohort A: n = 6; Cohort B: n=12) or to the placebo-control group (Cohort
A: n = 3; Cohort B: n=6) and vaccinated with RUTI R© vaccine (or placebo)
after 16 weeks (Cohort A) or 12 weeks (Cohort B) of successful MDR-TB
treatment, only if the following safety criteria have been met:

1. Patients identified with pulmonary MDR-TB with confirmed improve-
ment after starting the standard MDR-TB treatment. Confirmation of
improvement by: Chest X ray, Clinical symptoms (TB score > 6) and
bacillary load (reduction of bacillary load analysed in liquid sputum
using Mycobacterial Growth Indicator Tubes (MGIT) lectured at day
10 taken and Löwenstein-Jensen solid medium at week 0,2, 3 month
post initiation of treatment, 4 month (immediately before vaccination)
in Cohort A, week 0, 2 month post initiation of treatment and 3 month
(immediately before vaccination) in Cohort B.

2. radiographic response to treatment; transient deterioration might how-
ever be interpreted as a paradoxical inflammatory response, as agreed
by the DSMB;

3. clinical response to treatment according to the TB score;
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4. numbers of CD4 cells (≥ 250 cells/µL of blood) in case of HIV-1 co-
infection, and in addition, in absence of:

• grade 2-4 liver cell toxicity as evidenced by blood transaminase
values measured over time;

• grade 2-4 renal toxicity.

Note: In case of doubt the study team can consult to the Data Safety
Monitoring Board (DSMB) whether there is a beneficial response to drug
treatment as evidenced by sufficient.

If safety has been established after 8 weeks of vaccination of cohort A,
and only if the study team, the sponsor and the DSMB agree, and after
the METc has been notified, we will proceed to repeat all the steps de-
scribed above with cohort B. Should 3-4 events occur in the RUTI R© vac-
cinated group the study will not proceed to Cohort B and, after consulting
the DSMB, and upon notifying the METCs, more patients may be included
in Cohort A at vaccination 16 weeks after start of standard MDR-TB treat-
ment.

5.4 Study population

Population (base)

Patients diagnosed with pulmonary MDR-TB favourably responding to
standard MDR-TB treatment as described above, and admitted in either
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10 taken and Löwenstein-Jensen solid medium at week 0,2, 3 month
post initiation of treatment, 4 month (immediately before vaccination)
in Cohort A, week 0, 2 month post initiation of treatment and 3 month
(immediately before vaccination) in Cohort B.

2. radiographic response to treatment; transient deterioration might how-
ever be interpreted as a paradoxical inflammatory response, as agreed
by the DSMB;

3. clinical response to treatment according to the TB score;

143 5.4. Study population

4. numbers of CD4 cells (≥ 250 cells/µL of blood) in case of HIV-1 co-
infection, and in addition, in absence of:

• grade 2-4 liver cell toxicity as evidenced by blood transaminase
values measured over time;

• grade 2-4 renal toxicity.

Note: In case of doubt the study team can consult to the Data Safety
Monitoring Board (DSMB) whether there is a beneficial response to drug
treatment as evidenced by sufficient.

If safety has been established after 8 weeks of vaccination of cohort A,
and only if the study team, the sponsor and the DSMB agree, and after
the METc has been notified, we will proceed to repeat all the steps de-
scribed above with cohort B. Should 3-4 events occur in the RUTI R© vac-
cinated group the study will not proceed to Cohort B and, after consulting
the DSMB, and upon notifying the METCs, more patients may be included
in Cohort A at vaccination 16 weeks after start of standard MDR-TB treat-
ment.

5.4 Study population

Population (base)

Patients diagnosed with pulmonary MDR-TB favourably responding to
standard MDR-TB treatment as described above, and admitted in either
the TB Unit of Beatrixoord, Haren, part of the Department of Pulmonary
Diseases & Tuberculosis, UMCG, Groningen, The Netherlands, or the TB
hospitals in in Kharkiv, Ivano-Frankivsk and Lutsk, Ukraine.

This study design intends to randomise a total of 27 patients between
the placebo arm and the RUTI R© arm as follows:

• Cohort A (6 RUTI R© Arm / 3 placebo Arm)

• Cohort B (12 RUTI R© Arm /6 placebo Arm)

Inclusion criteria

In order to be eligible to participate in this study, a subject must meet all of
the following criteria:

• females and males aged ≥ 18

– females of non-childbearing potential: at least 2 years post-menopausal
or surgically sterile (e.g. tubal ligation)



Chapter 5. RUTI R© Vaccination in Multidrug-resistant Tuberculosis 144

– females of childbearing potential (including females less than 2
years post-menopausal) must have a negative pregnancy test
at enrolment and must agree to use highly effective methods
of birth control (i.e. diaphragm plus spermicide or male con-
dom plus spermicide, oral contraceptive in combination with
a second method, contraceptive implant, injectable contracept-
ive, indwelling intrauterine device, sexual abstinence, or a vas-
ectomised partner) while participating in the study and for 30
days after end of the study for each group.

– males must agree to use a double barrier method of contracep-
tion (condom plus spermicide or diaphragm plus spermicide)
while participating in the study and for 30 days after end of the
study for the respective group; or the male patient or his female
partner must be surgically sterile (e.g. vasectomy, tubal ligation)
or the female partner must be post menopausal

• The patient must provide written informed consent

• The patient must be willing and able to attend all study visits and
comply with all study procedures,

• MDR-TB patients with Mycobacterium tuberculosis (or Mycobacterium
africanum) by Löwenstein-Jensen solid medium culture, at least also
present in sputum;

• Diagnosed with active MDR-TB, and therefore managed with second
line TB drugs;

• TB score > 6

• Chest Xray

Inclusion criteria for vaccination:

• Having successfully completed 16 or 12 weeks (depending on the co-
hort) of MDR-TB treatment, fully supervised, and

• with beneficial initial response to therapy, evidenced by

– Clinical response criteria: patients admitted in a TB unit / hos-
pital routinely diagnosed with pulmonary MDR-TB (according
to clinical status)
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– Transient deterioration of chest radiographic abnormalities might
be explained by a paradoxical inflammatory response, and this
may therefore not necessarily be interpreted as treatment failure;
such decision depends on consensus with the DSMB; evidence
of improvement on chest x-ray.

– Microbiological response criteria: A reduction of the bacillary
load in the sputum has to be reported by means of the reduction
of bacillary counts in Löwenstein-Jensen solid medium compar-
ing the semiquantitative data on day 0 with 2, 3, 4 month in co-
hort A and on day 0 with 2, 3 month.

Exclusion criteria

A potential subject who meets any of the following criteria will be excluded
from participation in this study:

• Inability to provide written informed consent

• Women reported, or detected, or willing to be pregnant during the
trial period;

• Severity of illness precluding full evaluation: expected early death,
evidenced by respiratory failure, low blood pressure, WHO perform-
ance score 3-4; Central Nervous System involvement of TB (TB men-
ingitis, intra-cranial tuberculomas) as there is too little evidence for
effective drug penetration for second-line TB drugs;

• Major co-morbid conditions precluding full evaluation, i.e., active
lung cancer, acute coronary syndrome, heart failure exceeding NYHA
class 2; a diagnosis of metastasised malignancy; renal failure in excess
of creatinine clearance < 30 mls/min calculated by the Cockcroft-
Gault formula, which would severely complicate administration of
aminoglycosides and capreomycin, considered as the major second-
line TB drugs; obesity (BMI>30 kg/m2); chronic liver disease – Child-
Pugh class C;

• Any of the following laboratory parameters:

– Aspartate aminotransferase (AST) or alanine aminotransferase
(ALT) > 3 x upper limit of normal (ULN)

– total bilirubine > 2 x ULN

– Neutrophil count ≤ 500 neutrophils / mm3

– Platelet count < 50,000 cells / mm3
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• Receiving or anticipated to receive a daily dose of ≥ 10 mg of sys-
temic prednisone or equivalent within the period starting 14 days
prior to enrolment. Note: patients are allowed to receive an acute,
short course of methylprednisolone or prednisone or equivalent for
management of an acute exacerbation of COPD or reactive airway
disease in asthmatics

• Cytotoxic chemotherapy or radiation therapy within the previous 3
months

• HIV co-infection, if CD4 count < 250 copies/mL; those with ≥ 250
copies/mL are expected to be able to mount a sufficient cellular im-
mune response and will therefore be eligible

• Blood transfusion in the last three weeks prior to the trial

• Documented allergy to TB vaccines, notably to the RUTI R© vaccine.

Sample size calculation

Given that 18 subjects will receive RUTI R© vaccination the study will have
a 72% probability of detecting at least one SAE which occurs at the rate of
4% (i.e. the only observed SAE during the phase IIa trial). The probability
that no SAE will occur in 18 subjects vaccinated with RUTI R© will be 48%
[(1.00 − 0.04)18]. With this limited sample size the probability is high that
a SAE will be missed, i.e. 48%. Our criteria of acceptable safety of RUTI R©

vaccination in patients with MDR-TB are that no grade 3 or 4 Serious Ad-
verse Event may occur which is likely related to the study vaccine as judged
by the study team together with the DSMB.

The primary aim of this phase IIa safety trial is to prove that RUTI R© vac-
cination is safe in patients with active, MDR-TB. As a formal sample size
calculation is not possible for the end point safety and to detect a meaning-
ful difference in adverse events between actively vaccinated and control
participants, a convenience sample of 6+3 (Cohort A) and 12+6 (Cohort B)
individuals in this study (27 subjects in total) was chosen.

5.5 Methods

Study endpoints

Main study endpoint
The main endpoint of this study is safety. This will be assessed using
standard clinical, routine laboratory, and radiographic data obtained dur-
ing standard follow-up.
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• Local tolerability (limited function, swelling, redness, pain, itch) will
be examined daily during the first week and weekly in the remaining
7 weeks of follow up.

• Systemic tolerability (body temperature, generalised pruritus, rashes,
arthralgia, myalgia, nausea, malaise, headache) will be assessed daily
during the first week and weekly in the remaining 7 weeks of follow
up.

• Vital signs (blood pressure, heart rate, respiratory rate, and pulse-
oximetry) will be taken at weeks 8,12, 16 immediately before vaccin-
ation, 17, 18, 19, 20, 22 and 24 in Cohort A and at weeks 8,12 im-
mediately before vaccination, 16, 17, 18, 19, 20 and 22 in Cohort B
Adverse Events raised by patients spontaneously or observed by the
study doctor or attending physician during the study

• Chest x-rays will be taken during 2 month and at week 8 follow up
for assessment of lung lesions typical of mycobacterial disease (i.e.
granulomatous lesions)

• Laboratory tests at week 8,12, 16 immediately before vaccination in
Cohort A and at weeks 8,12 immediately before vaccination in Cohort
B , twice in the first weeks following vaccination at least three days
apart and at weeks 2 and 8 after vaccination:

– full blood count, haematology;

∗ Red blood cells (RBC)
∗ Haematocrite
∗ Haemoglobin
∗ Mean corpuscular volume (MCV), Hemoglobina corpuscu-

lar media (MCH), Hemoglobina corpuscular media concen-
tration (MCHC)

∗ White blood cells (WBC)
∗ Bands, Segments, Lymphocytes, Monocytes, Eosinophils

– serum chemistry Na, K

∗ Urea, Creatinine
∗ Alanine Transaminase (ASAT), Aspartate transaminase (ALAT),

gamma-glutamil transferase (GGT)
∗ Total-Direct bilirubine
∗ Total Protein
∗ Glucose
∗ liver and kidney function;

– Erythrocyte Sedimentation Rate (ESR), C Reactive Protein CRP);



Chapter 5. RUTI R© Vaccination in Multidrug-resistant Tuberculosis 146

• Receiving or anticipated to receive a daily dose of ≥ 10 mg of sys-
temic prednisone or equivalent within the period starting 14 days
prior to enrolment. Note: patients are allowed to receive an acute,
short course of methylprednisolone or prednisone or equivalent for
management of an acute exacerbation of COPD or reactive airway
disease in asthmatics

• Cytotoxic chemotherapy or radiation therapy within the previous 3
months

• HIV co-infection, if CD4 count < 250 copies/mL; those with ≥ 250
copies/mL are expected to be able to mount a sufficient cellular im-
mune response and will therefore be eligible

• Blood transfusion in the last three weeks prior to the trial

• Documented allergy to TB vaccines, notably to the RUTI R© vaccine.

Sample size calculation

Given that 18 subjects will receive RUTI R© vaccination the study will have
a 72% probability of detecting at least one SAE which occurs at the rate of
4% (i.e. the only observed SAE during the phase IIa trial). The probability
that no SAE will occur in 18 subjects vaccinated with RUTI R© will be 48%
[(1.00 − 0.04)18]. With this limited sample size the probability is high that
a SAE will be missed, i.e. 48%. Our criteria of acceptable safety of RUTI R©

vaccination in patients with MDR-TB are that no grade 3 or 4 Serious Ad-
verse Event may occur which is likely related to the study vaccine as judged
by the study team together with the DSMB.

The primary aim of this phase IIa safety trial is to prove that RUTI R© vac-
cination is safe in patients with active, MDR-TB. As a formal sample size
calculation is not possible for the end point safety and to detect a meaning-
ful difference in adverse events between actively vaccinated and control
participants, a convenience sample of 6+3 (Cohort A) and 12+6 (Cohort B)
individuals in this study (27 subjects in total) was chosen.

5.5 Methods

Study endpoints

Main study endpoint
The main endpoint of this study is safety. This will be assessed using
standard clinical, routine laboratory, and radiographic data obtained dur-
ing standard follow-up.

147 5.5. Methods

• Local tolerability (limited function, swelling, redness, pain, itch) will
be examined daily during the first week and weekly in the remaining
7 weeks of follow up.

• Systemic tolerability (body temperature, generalised pruritus, rashes,
arthralgia, myalgia, nausea, malaise, headache) will be assessed daily
during the first week and weekly in the remaining 7 weeks of follow
up.

• Vital signs (blood pressure, heart rate, respiratory rate, and pulse-
oximetry) will be taken at weeks 8,12, 16 immediately before vaccin-
ation, 17, 18, 19, 20, 22 and 24 in Cohort A and at weeks 8,12 im-
mediately before vaccination, 16, 17, 18, 19, 20 and 22 in Cohort B
Adverse Events raised by patients spontaneously or observed by the
study doctor or attending physician during the study

• Chest x-rays will be taken during 2 month and at week 8 follow up
for assessment of lung lesions typical of mycobacterial disease (i.e.
granulomatous lesions)

• Laboratory tests at week 8,12, 16 immediately before vaccination in
Cohort A and at weeks 8,12 immediately before vaccination in Cohort
B , twice in the first weeks following vaccination at least three days
apart and at weeks 2 and 8 after vaccination:

– full blood count, haematology;

∗ Red blood cells (RBC)
∗ Haematocrite
∗ Haemoglobin
∗ Mean corpuscular volume (MCV), Hemoglobina corpuscu-

lar media (MCH), Hemoglobina corpuscular media concen-
tration (MCHC)

∗ White blood cells (WBC)
∗ Bands, Segments, Lymphocytes, Monocytes, Eosinophils

– serum chemistry Na, K

∗ Urea, Creatinine
∗ Alanine Transaminase (ASAT), Aspartate transaminase (ALAT),

gamma-glutamil transferase (GGT)
∗ Total-Direct bilirubine
∗ Total Protein
∗ Glucose
∗ liver and kidney function;

– Erythrocyte Sedimentation Rate (ESR), C Reactive Protein CRP);



Chapter 5. RUTI R© Vaccination in Multidrug-resistant Tuberculosis 148

– Activated Partial Thromboplastin Time (APTT), International Nor-
malised Ratio (INR)

– Fibrinogen, Prothrombine time, Platelet count

Secondary study endpoints

Immunogenicity is the secondary study endpoint and will be evaluated
using

1. IFN-γ responses of stimulated PBMCs comparing placebo and inter-
vention group at three time points (at screening, before vaccination,
2 and 8 weeks post-vaccination). The technique used is ELISPOT
(Enzyme-linked immunosorbent spot). Investigations for determin-
ing correlates of immune protection to TB are ongoing and the tech-
nical specifications for the ex vivo IFN-γ ELISPOT assay are unknown
at this time. Decisions on the technical aspects for completing the ana-
lysis of correlates of immune protection for this study will be provided
when available.

2. A mycobacterial growth inhibition assay (MGIA). This functional im-
munogenicity assay measures directly the summative ability of the
patient derived PBMCs to control the mycobacterial growth in an ex
vivo system. Mycobacterial growth inhibition will be assessed using
a BACTEC MGIT (mycobacterial growth indicator tube; as used for
liquid culture) system as well as plate counting to measure the de-
crease of bacterial load upon vaccination in the presence of PBMCs.
The assessment will be performed after 4 days of PBMC co-culture
with Mycobacterium bovis BCG as immune target. To isolate PBMC, 32
ml of blood will be collected from each study participant at four time
points and placed in four BD Vacutainer CPTTM (cell preparation
tubes) containing sodium heparin. Blood will be centrifuged for 15
minutes at 1500 RCF (relative centrifugal force) at 18◦C to separate the
different components. PBMCs will be harvested, washed, resuspen-
ded in 10ml of RPMI-MGIT (RPMI+10% pooled human serum + L-
Glutamine) and frozen at -80◦C. Cryopreserved PBMC will be trans-
ported to London (London School of Hygiene and Tropical Medicine)
where the MGIA assay will be performed.

3. The fifth tube containing 3 mL of blood will be used to conduct tran-
scriptional assessments (collected in RNA Tempus tubes) to further
characterise the immune and transcriptional response to study vac-
cine depending on the current scientific understanding of correlates
of protection in tuberculosis research.

Exploratory endpoint
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Difference between intervention and control group in time to sputum
culture positivity immediately before vaccination and at 8 weeks post--
vaccination grown in liquid culture (MGIT) read at 10 days.

C-reactive protein is important as possible biomarker of inflammation
at weeks 8,12,16 immediately before vaccination in Cohort A and at weeks
8,12 immediately before vaccination in Cohort B, twice in the first week
following vaccination at least three days apart and at weeks 2 and 8 after
vaccination to generate data that may help defining the optimal time to
administer RUTI R© instead of based on a fixed timeframe.

Randomisation, blinding, and treatment allocation

The randomisation will follow a computer-generated block-random list to
ensure equally distributed intervention and control subjects across the two
study centres; and will be conducted by a clinical epidemiologist and in-
fectious diseases specialist and sent for use to each study centre. Double
blinding will be maintained until after the pre-defined interim analysis
after the first 9 participants dosed at week 16 have been evaluated; and
upon completion after the second group of 18 participants have been dosed
at week 12. During the study, the only site staff member not blind will
be the pharmacist responsible of vaccine reconstitution. The patients, the
doctors that treat the patients, and the doctors that do the physical exam-
ination to identify AE’s/SAE’s will be blinded. The investigators will fol-
low the trial’s randomisation procedures, and will ensure that the code will
only be broken in accordance with the protocol. In case of any premature
un-blinding of the investigational product (e.g. accidental unblinding, un-
blinding due to a SAE) they will promptly document and explain it to the
principal / coordinating investigator. Patients can be un-blinded when

1. Treatment of a subject in medical emergency where knowledge of
treatment allocation is required;

2. Treatment of a subject for an SAE or AE if required;

3. Un the event of a SUSAR the participant’s treatment must be un-
blinded;

4. For the submission of trial data to the DSMB for the monitoring of
safety whereas in this case the study team (except the medical project
manager) will remain blinded.

Study procedures

The attending physician will propose to a potential study participant that
the study doctor or trial site coordinator comes to discuss inclusion in the
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Start MDR-TB Treatment
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Figure 5.3: Patient visits during the phase II trial of RUTI therapeutic vac-
cine.

trial (figure ??). 4 weeks upon start of MDR-TB treatment the patient will
be informed by the study doctor about the screening process and given
enough time to consider his participation in this screening process. Should
the patient consent to participate in the screening process the clinical his-
tory will be taken and inclusion and exclusion criteria will be assessed.
Next, evaluation of medical chart including age, sex, weight, length, eth-
nicity, co-morbidity, type of diagnosis, localisation of TB, medical history,
dose and duration of TB co-administered medications will be done. The
vital constants will be measured and blood will be drawn for a pregnancy
test (or via urine testing according to routine at study site), serology testing
for HIV, HBV, HCV), standard laboratory testing (biochemistry, haemato-
logy, blood count) and baseline immunogenicity testing. Patients with con-
firmed diagnosis of HIV-1 will only participate with sufficient CD4 count
as defined in the exclusion criteria. A chest X-ray will be taken as part of
standard care every two months. Liquid culture will be taken from spu-
tum. In week 0, month 2, 3 and 4 in Cohort A and week 0, month 2 and 3 in
liquid and solid culture from sputum will be taken again to assess whether
the patient is responding beneficially to treatment. Only participants that
respond favourably to MDR-TB treatment will be invited to apply the vac-
cine RUTI R© or placebo.

After evaluation of baseline parameters, and after ensuring the safety
points of beneficial antibiotic therapy as described above, Informed con-
sent to participate in this vaccination study will be obtained, with enough
time to consider his participation, and with an independent expert avail-
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able to answer any questions. Once 16 weeks (for Cohort A) or 12 weeks
(for Cohort B) of standard MDR-TB treatment have been completed, the
attending physician (pulmonologist) will inject RUTI R© vaccine or placebo
to the participating MDR-TB patients at the appropriate time point after
starting of standard MDR-TB treatment.

Safety procedures will start simultaneously. On the day of vaccination,
the patient will be examined (physical examination and vital signs) before
vaccination and 4 hours post vaccination. In the first week post vaccination
the patient will be checked daily by the attending physician for any clinical
change, and physical examination including vital signs, appropriate blood
laboratory testing, chest X-ray, and other tests as clinically indicated will be
done. Following vaccination, routine blood indices and serum chemistry
will be done twice, at least three days apart. Special attention will be paid
to the site of inoculation on a daily basis, and the attending physician will
ask for adverse events.

In week 18 in cohort A and week 17 in cohort B, the patient will be ex-
amined by the attending physician, and vital signs will be recorded; labor-
atory and immunogenicity sampling will be performed. The inoculation
site will be assessed and the patient will be questioned on adverse events.

In week 19 in cohort A and week 18 in cohort B the patient will be ex-
amined by the attending physician, and vital signs will be recorded; labor-
atory sampling will be performed. The inoculation site will be assessed and
the patient will be questioned on adverse events.

In week 20 and 22 in cohort A and week 19 and 20 in cohort B, the pa-
tient will be examined by the attending physician, and vital signs will be
recorded; laboratory sampling will be performed. The inoculation site will
be assessed and the patient will be questioned on adverse events. Addi-
tionally, in week 20 in cohort A and 19 in cohort B, CD4 counts and viral
load will be determined in HIV co-infected patients in the frame of this
study.

In week 24 in cohort A and week 22 in cohort B the patient will be ex-
amined by the attending physician, and vital signs will be recorded. The in-
oculation site will be assessed and the patient will be questioned on adverse
events. A pregnancy test will be performed in women of child-bearing age
and a chest x-ray will be repeated for all patients. Standard laboratory test-
ing and sampling for immunogenicity read-out will be performed as well
as liquid and solid culture (MGIT-LJ).

The clinical isolates will be stored in the microbiology laboratory of each
centre for Whole Genome Sequencing if indicated to correlate the clinical
and immunological outcome to the infecting strain.
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Figure 5.3: Patient visits during the phase II trial of RUTI therapeutic vac-
cine.
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Screening and inclusion RUTI R©/placebo vaccination Follow Up
Visit 1 2 3 4 5 - 11 12 13 14 15 16
Day 0 1-7 (daily) 14 21 28 42 56
Week 0-2 8 12 16 17 18 19 20 22 24
Information to patient & WIC X X
Clinical History X X
Inclusion & Exclusion criteria X X X
Vital signs X X X X X X X X X
Physical Examination X X X X X X X X X
Pregnancy test X X X
Serology (HIV, HBV, HCV) X X
Chest X-ray X X X X X
Concomitant Medication X X X X X X X X X X
Immunogenicity Sampling X X X X X X
Standard Laboratory Testing X X X X X
CD4 counts and viral load (in HIV+) X X X
Bacillary load X X X X X
Vaccination of RUTI or placebo X
Local tolerability (inoculation site evaluation) X X X X X X X
Adverse events (spontaneous and after questioning) X X X X X X X
Active TB surveillance X X X X X X X X X X

Table 5.1: Summary of Study Assessments Phase IIa: Safety and Immuno-
genicity of RUTI R© in MDR-TB patients responding to treatment

Withdrawal of subjects and premature termination of study

Subjects can leave the study at any time for any reason if they wish to do so
without any consequences. Study participants deciding to leave the study
do not necessarily have to give a specific reason to stop, but the study team
members will invite the participant leaving the study to explain their de-
cision to do so. The investigator can decide to withdraw a subject from the
study for urgent medical reasons or if there is any reason to think that com-
pletion of protocol or data validity is compromised. Any SAE or SUSAR
may result in the decision by PI and co-PIs to withdraw a participant from
the study. Any subject leaving the study for reasons other than SUSAR
or SAE will be replaced. Included patients will receive RUTI R© vaccine
in Beatrixoord, a TB referral centre in the Netherlands and the TB hospit-
als in Kharkiv, Ivano-Frankivsk and Lutsk, Ukraine. Usual standard care
is offered to the patients who wish to stop the participation in this study.
Should a grade 3-4 event occur (grade 3 refers to events which are severe,
are medically significant but not immediately life threatening, require hos-
pitalisation or prolongation of hospitalisation; grade 4 event refers to life-
threatening events where urgent intervention is required), the DSMB and
the METc will be notified, and the PI, in collaboration with the study team
members (co-PIs and trial site coordinators) and the sponsor may decide to
put the study on hold, or to prematurely terminate the study.

5.6 Safety reporting

Temporary halt for reasons of subject safety

In accordance to section 10, subsection 4, of the WMO, the sponsor will sus-
pend the study if there is sufficient ground that continuation of the study
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will jeopardise subject health or safety. The sponsor will notify the accred-
ited METC without undue delay of temporary halt including the reason for
such an action. The study will be suspended pending further review by the
accredited METC. The investigator will take care that all subjects are kept
informed.

AEs, SAEs and SUSARs

Adverse events (AEs)
Adverse events are defined as any undesirable experience occurring to a
subject during the study, whether or not considered related to the invest-
igational product. All adverse events reported spontaneously by the sub-
ject or observed by the investigator or his staff will be recorded. All AE’s
will be followed until they have abated, or until a stable situation has been
reached. Depending on the event, follow up may require additional tests or
medical procedures as indicated, and/or referral to the general physician
or a medical specialist. SAEs need to be reported until the end of study as
defined in the protocol.

Serious adverse events (SAEs)
A serious adverse event is any untoward medical occurrence or effect that
at any dose:

• results in death;

• is life threatening (at the time of the event);

• requires hospitalisation or prolongation of existing inpatients’ hospit-
alisation;

• results in persistent or significant disability or incapacity;

• is a congenital anomaly or birth defect;

• Any other important medical event that may not result in death, be
life threatening, or require hospitalisation, may be considered a seri-
ous adverse experience when, based upon appropriate medical judge-
ment, the event may jeopardise the subject or may require an inter-
vention to prevent one of the outcomes listed above.

All SAEs (including SUSAR) will be reported immediately to the PI; the
PI will inform the co-PIs, the members of the DSMB as well as the METc
within 24h after becoming aware of the SAE with a provisional, written
report. The trial site coordinators will be responsible for immediate com-
munication, i.e. within 12 hours after becoming aware of the SAE, to the
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coordinating principal investigator in case of any SAE. The preliminary re-
port may result in the decision to put the study on hold; both the PI as well
as the DSMB may decide to put the study on hold until further details be-
come available that may result in the decision to continue the study. All
decisions will be communicated to the METc, as well as all members of the
study team. In order to ensure effective communication, routine monthly
tele-conferences either by telephone or Skype will be arranged; for any SAE
or other matter requiring urgent contact between the study team members
an internet-based messenger group account will be used and, if necessary,
a tele-conference will be organised on the same day as we became aware of
the SAE. During the tele-conferences the study site coordinators and prin-
cipal investigators will participate. Please see below for a detailed account
of SAE / SUSAR reporting.

In The Netherlands, the sponsor will report the SAEs through the web
portal ToetsingOnline to the accredited METC that approved the protocol,
within 7 days for SAEs that result in death or are life threatening followed
by a period of maximum 8 days to complete the initial preliminary report.
All other SAEs will be reported within 15 days after the sponsor has first
knowledge of the serious adverse events.

In Ukraine, the sponsor has the legal responsibility to notify both the
local regulatory authority and other regulatory agencies about the safety
of the product under clinical investigation. All SAEs will be collected that
occur during the trial and 30 days upon completion of the study. The spon-
sor must notify the Ukrainian Drug Agency. The sponsor will notify the
Ukrainian Ethics Committees that approved the protocol, within 7 days for
SAEs that result in death or are life threatening followed by a period of
maximum 8 days to complete the initial preliminary report. All other SAEs
must be reported within 15 days after the sponsor has first knowledge of
the SAE. Once per year the sponsor shall inform the National Agency of
Drugs, and the Ethics committee with a list of all SAE and AE and a report
on patient safety.

Suspected unexpected serious adverse reactions (SUSARs)

Adverse reactions are all untoward and unintended responses to an in-
vestigational product related to any dose administered. Unexpected ad-
verse reactions are SUSARs if the following three conditions are met:

1. the event must be serious;

2. there must be a certain degree of probability that the event is a harm-
ful and an undesirable reaction to the medicinal product under in-
vestigation, regardless of the administered dose;

3. the adverse reaction must be unexpected, that is to say, the nature
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and severity of the adverse reaction are not in agreement with the
product information as recorded in the Investigator’s Brochure for an
unauthorised medicinal product.

The sponsor will report expedited the following SUSARs through the
web portal ToetsingOnline to the METC: SUSARs that have arisen in the
clinical trial that was assessed by the METC as well as SUSARs that have
arisen in other clinical trials of the same sponsor and with the same medi-
cinal product, and that could have consequences for the safety of the sub-
jects involved in the clinical trial that was assessed by the METC.

The remaining SUSARs are recorded in an overview list (line-listing)
that will be submitted once every half year to the METC. This line-listing
provides an overview of all SUSARs from the study medicine, accompan-
ied by a brief report highlighting the main points of concern. The expedited
reporting of SUSARs through the web portal ToetsingOnline is sufficient as
notification to the competent authority.

The sponsor will report expedited all SUSARs to the competent author-
ities in other Member States, according to the requirements of the Member
States. The expedited reporting will occur not later than 15 days after the
sponsor has first knowledge of the adverse reactions. For fatal or life threat-
ening cases the term will be maximal 7 days for a preliminary report with
another 8 days for completion of the report.

In case a SUSAR / SAE is suspected or considered the trial site coordin-
ator will notify the principal coordinating investigator. The reporting in-
vestigator will inform the coordinating investigator who will then follow
the standard procedure to inform the DSMB, the accredited Ethics Com-
mittees, all study team members as well as the sponsor. The Principal in-
vestigators, the coordinating investigator, the sponsor as well as the DSMB
may decide to put the study on hold; resuming is only considered after
all discussions have been completed with full disclosure of relevant data.
DSMB members have the right to break the blinding code and look at the
data. If the SUSAR or SAE is linked to the Investigational Product the study
might be aborted. In this case a full report will be provided to the sponsor,
and the data will be submitted for publication. Should the DSMB decide
that the AE is not related to the Investigational Product the study subject
will be replaced and the study will otherwise be continued as planned.

Annual safety report

In addition to the expedited reporting of SUSARs, the sponsor will submit,
once a year throughout the clinical trial, a safety report to the accredited
METC, competent authority, and competent authorities of the concerned
Member States. This safety report consists of: a list of all suspected (un-
expected or expected) serious adverse reactions, along with an aggregated
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summary table of all reported serious adverse reactions, ordered by or-
gan system, per study; and a report concerning the safety of the subjects,
consisting of a complete safety analysis and an evaluation of the balance
between the efficacy and the harmfulness of the medicine under investiga-
tion.

Data Safety Monitoring Board (DSMB)

The main purpose of the DSMB is to review safety locally and systemically,
identify adverse events which could be a potential signal, comment on the
integrity of the database and understand the data in terms of un-blinding.
After the cohort A has finished the study, the DSMB will review the safety
data and take the decision whether the Cohort B can be vaccinated or not
based on possible safety signals. In this study, members of the DSMB will
also be invited (if deemed necessary by the investigator) to assess eligibil-
ity of potential study participants in an anonymised fashion. In this case,
only if the study team and the DSMB agree, the study participants will be
accepted to be in the study and receive RUTI R© vaccine or placebo.

The advice(s) of the DSMB will only be sent to the sponsor and study
team of the study. Should the study team decide not to fully implement
the advice of the DSMB, the principal investigator will send the advice to
the reviewing METC, including a note to substantiate why (part of) the
advice of the DSMB will not be followed. The communication between the
study team and the DSMB will be channelled through the medical project
manager. Criteria based on which the DSMB can decide to put the study
on hold include the occurrence of grade 3 or 4 events. Should one grade 3
or 4 event occur in Cohort A the DSMB may decide either not to proceed
to Cohort B and repeat Cohort A (vaccination after 16 weeks of standard
MDR-TB treatment) or put the study on hold.

5.7 Statistical analyses

The study analysis will be performed on the final data that will become
available after the database is formally locked. During interim analysis
between Cohort A and B only the DSMB will be supplied by un-blinded
data by the independent study epidemiologist. Patient demographic data,
clinical, and radiographic parameters, co-morbidities, co-infection, full labor-
atory data including blood indices, blood chemistries, as well as all micro-
biological data will be described and analysed by descriptive statistics per
treatment group and visit, for absolute and change from baseline results
(i.e. prior to start of intervention). By-intervention descriptive statistics
will serve to identify any imbalances between the randomised treatment
groups (i.e. RUTI R© vaccinated and placebo vaccinated participants). Sum-
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maries will be provided for the full analysis set. Subject’s demographic
and disease characteristics at baseline and at visits will be presented in two
cohorts of subjects, by their intervention vaccine or placebo. For quantitat-
ive parameters, descriptive statistics will be mean, standard deviation, me-
dian, range of 1st and 3rd quartile, range of minimum and maximum, and
number of valid observations by treatment group. Mean, median and inter-
quartile range will be reported to a precision of one or two decimal place
more than the individual measurements; standard deviation will be repor-
ted to a precision of two decimal places more than the individual meas-
urements. For qualitative parameters (categorical or ordered), frequency
counts and percentages of each category will be calculated by treatment
group. Percentages will be reported up to 1 decimal place.

Primary study parameter(s)

Our hypothesis is that no SAEs will occur due to vaccination with RUTI R©

vaccine, which are not due to standard MDR-TB treatment. The safety pro-
file of RUTI vaccine will be evaluated based on the number and percent-
age of solicited and unsolicited AE’s recorded over the post-vaccination
follow-up period for all subjects. The safety parameters will be analysed
and presented as follows:

• AE’s will be listed and summarised by system organ class and pre-
ferred terms for each treatment group using descriptive statistics

• Tolerability assessments will be listed per patient and summarised
using frequency counts or descriptive statistics

• Physical examination results will be summarised using frequency counts
and shift tables

• concomitant medication will be coded using the World Health Organ-
ization Drug Reference List (WHO-DRL) and Anatomic Therapeutic
Chemical (ATC) classification, listed per patient and summarised per
treatment group.

• The proportion of subjects in the control and RUTI R© vaccine treat-
ment groups with at least one AE will be compared using Fisher’s Ex-
act test; two-sided exact 95% confidence intervals will also be presen-
ted for proportions of grouped AE’s preferred terms, within treat-
ment groups. Additional summaries will present the number (per-
centage) of subjects with AE’s by severity and by relationship to study
vaccine; each subject will be counted once per preferred term at the
greatest severity or most related state recorded for that term.
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The data will be analysed for each Cohort separately; the SAEs, AE’s
and other safety assessments that occurred in the RUTI R© vaccine and placebo
groups will be compared and tested for statistical significance using Stu-
dents T-Test, if not otherwise specified, assuming normal distribution.

Secondary study parameters

Our hypothesis is that PBMC of RUTI R© vaccinated-patients induce i) more
IFN-γ Spot Forming Units when stimulated with selected antigens ex vivo
and ii) are better able to contain mycobacterial growth ex vivo compared
to PBMCs of placebo vaccinated patients. The immunogenicity parameters
(IFN-γ Spot Forming Units in PBMCs and the growth inhibition assay) will
be listed per patient and summarised using descriptive statistics by treat-
ment group and visit (baseline, week 2 and week 8). The RUTI R© vaccinated
group will be compared to the Placebo-vaccinated group.

1. An ex vivo IFN-γ ELISPOT assay will be used to assess immune re-
sponse to vaccine. Descriptive statistics will be used to summarise
T cell response by treatment group and stimulation antigen. Sum-
maries will include the assessment of response at all pre- and post-
vaccination immunology time points, as well as change from pre-
vaccination to each post-vaccination time point. Investigations for
determining correlates of immune protection to tuberculosis are on-
going and the technical specifications for the ex vivo IFN-γ ELISPOT
assay are unknown at this time. Decisions on the technical aspects for
completing the analysis of correlates of immune protection for this
study will be provided in a separate analytic plan, when available.

2. Exploratory immune protection assays. A Mycobacterial Growth In-
hibition Assay will be compared for time-point and RUTI R© and placebo
vaccinated patients. An analysis of covariance (ANCOVA) will be
used, with intervention and time point (week 2 and 8) as main effect
and baseline value as covariate in order to compare whether RUTI R©

induced a different immunogenicity response than placebo. The data
and comparisons between the treatments will be described by the
least square means adjusted in accordance to the ANCOVA analysis.

3. Analyses of other immunological or transcriptional assessments may
be performed to further characterise the immune and transcriptional
response to study vaccine. If warranted, results will be summarised
by treatment group at baseline and time point as described above for
each parameter, otherwise results will be provided in subject data list-
ings only.
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Other study parameters

The exploratory endpoint efficacy will be compared between the vaccine
and placebo group. We hypothesise that the liquid culture of RUTI R© vac-
cinated patients will take longer to become positive (= time-to-positivity)
in the MGIT system than the culture of placebo-vaccinated patients. To this
end the difference in time-to-positivity measured at baseline and at 8 weeks
post-vaccination will be compared and tested using the students T-Test.

Interim analysis

An independent epidemiologist not involved in the daily conduct of the
study will perform the interim analysis after completion of enrolment of
the first 9 study subjects exposed to RUTI R© vaccine or placebo after week
16 of start if treatment. If no important (grade 3-4 events) side effects have
been detected, the study team in collaboration with the sponsor and the
DSMB, and after notifying the METc, will be allowed to proceed to the next
group of 18 patients to be vaccinated with RUTI R© vaccine or placebo at
week 12. Un-blinded results will be generated by the interim analysis epi-
demiologist and these results will be exclusively sent to the DSMB and the
Ethics Committees by the medical project manager. The interim analysis
will entail tables for the endpoint safety listing AE’s and other safety para-
meters per patient visit and patient group.

5.8 Ethical considerations

The clinical trial will be conducted according to the principles of the Declar-
ation of Helsinki (October 2008), the Medical Research Involving Human
Subjects Act and the ICH guidelines. The sponsor/investigator has a liab-
ility insurance which is in accordance with article 7 of the WMO. The spon-
sor has an insurance which is in accordance with the legal requirements
in the Netherlands (Article 7 WMO) and Ukraine. This insurance provides
cover for damage to research subjects through injury or death caused by the
study. The insurance applies to the damage that becomes apparent during
the study or within 4 years after the end of the study.

Recruitment and consent

Potential participants in the Tuberculosis Center Beatrixoord, Haren, The
Netherlands will be informed by a study doctor of this center, about the
purpose of the study, the investigational procedures and the potential risks
(side effects) and benefits. Potential participants will have sufficient time,
i.e. minimal 48 hours, to consider the decision to participate in this study.
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Patients not able to speak Dutch or English will be informed by means of
an interpreter.

Potential participants in the hospitals of Kharkiv, Ivano-Frankivsk and
Lutsk, Ukraine. will be informed by a study doctor about the purpose of the
study, the investigational procedures and the potential risks (side effects)
and benefits. Potential participants will have sufficient time, i.e. minimal 48
hours, to consider the decision to participate in this study. Patients not able
to speak Ukrainian or English will be informed by means of an interpreter.

Benefits and risks assessment, group relatedness

The possible benefits of this study are obtaining scientific information about
the administration of RUTI R© vaccine in MDR-TB patients after the intens-
ive phase of MDR-TB treatment. The results can be extrapolated also to
patients treated for drug sensitive TB. Safety has been demonstrated in two
earlier clinical trials and immunogenicity was shown in several in vitro
and in vivo models. If RUTI R© vaccination is safe in active MDR-TB pa-
tients the next step will be to conduct a large, randomised efficacy trial
in which the efficacy of RUTI R© to shorten treatment, to avoid relapse or
re-infection of TB can be assessed. Toxicity studies showed no relevant ef-
fects after single or repeated dosing. Studies performed in mice, guinea
pigs, and goats showed a local transient inflammatory response at the in-
jection site. No systemic toxicity (weight loss or increased granulomatous
response) was detected in any of the experiments. In the phase I clinical
trial no SAE was reported, in the phase IIa trial two SAEs were reported,
only one of them with likely causality to the study vaccine and this SAE
resolved at the end of the study. Most occurring AEs were injection site
reactions, induration, local nodules and local pain, sterile abscesses, swell-
ing, ulcer, headache, and nasopharyngitis. These AE’s were mostly mild
and well tolerated. Other risks include complications while drawing blood
(local hematomas or infection, excessive bleeding after venepuncture) or
being exposed to x-rays. However, the X-ray exposure is minimal (one
photo equals 0,3 mSv compared to the annual background radiation in the
Netherlands of 2-2,5 mSv).

To conclude, this study encloses risks which are outweighed by the ad-
vantages: Apart from standard risks during hospital admission (i.e. com-
plications from drawing blood) the main risks are local reactions follow-
ing vaccination which are unpleasing but very likely not dangerous. Seen
the enormous failure of the worlds medical community to stop the emer-
gence of MDR-TB, a disease with only 50% treatment success requiring up
to 24 months of potentially toxic second-line antimicrobials, and the ab-
sence of any novel approach / vaccine to change the current, failing treat-
ment paradigm, we believe that the patients included in this study and all
MDR-TB patients beyond will profit from the results obtained from this
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safety study.

Handling and storage of data and documents

For patient data and responses to Case Report Forms we use the software
OpenClinica hosted and approved by the Trial Coordination Center (TCC)
Groningen, The Netherlands. The data entries will be checked and super-
vised by the monitors for all patients and for all entered data. All data, in-
cluding data from the Ukrainian trial site, will be safeguarded on Gronin-
gen servers with their respective data storage and back-up plans. Only
persons involved in the study and after prior training will receive access
to the data using individual and unique usernames and passwords. These
persons include the study personnel, the monitors, the auditor, and if re-
quested governmental agencies. The key to the subject identification code
will be safeguarded using an anonymous study number with the code kept
in a secured file at the centre where the patients are being admitted. The
handling of personal data will be in accordance with the Dutch Personal
Data Protection Act (in Dutch: De Wet Bescherming Persoonsgegevens,
Wbp). The data, collected in a database will be kept for the period of 15
years. Human material will be kept for 5 years and, if considered appro-
priate, data and samples could be used for different studies, as indicated
in the patient consent form. After the period of 5 years samples will be
destroyed.

Clean File for the final database will be declared when all data have
been entered and a quality check on a sample of the data has been per-
formed. The database will be locked after Clean File has been declared and
data extracted for statistical analysis. Treatment code will not be broken
until clean file. Study team meetings will be held as needed prior to or dur-
ing the study. The medical, nursing and other staff involved in the study
will receive proper education/information on how to conduct the study
according to the protocol. Authorised representatives of the regulatory au-
thority may visit the center to perform inspections, including source data
verification.

Monitoring and Quality Assurance

Monitoring will be executed in compliance with the NFU (The Netherlands
Federation of University Medical Centres)-guideline “Quality Assurance
of research involving human subjects 2.0”. Monitoring for this study at
Beatrixoord, Haren will be performed by the TCC of the UMCG. They
will provide an independent and qualified monitor. For the trial sites in
Ukraine, an independent CRO based locally was trained to perform the
monitoring. To ensure patient’s rights, wellbeing and safety, compliance as
well as quality of data, the monitors will visit the sites on a regular basis.



Chapter 5. RUTI R© Vaccination in Multidrug-resistant Tuberculosis 160

Patients not able to speak Dutch or English will be informed by means of
an interpreter.

Potential participants in the hospitals of Kharkiv, Ivano-Frankivsk and
Lutsk, Ukraine. will be informed by a study doctor about the purpose of the
study, the investigational procedures and the potential risks (side effects)
and benefits. Potential participants will have sufficient time, i.e. minimal 48
hours, to consider the decision to participate in this study. Patients not able
to speak Ukrainian or English will be informed by means of an interpreter.

Benefits and risks assessment, group relatedness

The possible benefits of this study are obtaining scientific information about
the administration of RUTI R© vaccine in MDR-TB patients after the intens-
ive phase of MDR-TB treatment. The results can be extrapolated also to
patients treated for drug sensitive TB. Safety has been demonstrated in two
earlier clinical trials and immunogenicity was shown in several in vitro
and in vivo models. If RUTI R© vaccination is safe in active MDR-TB pa-
tients the next step will be to conduct a large, randomised efficacy trial
in which the efficacy of RUTI R© to shorten treatment, to avoid relapse or
re-infection of TB can be assessed. Toxicity studies showed no relevant ef-
fects after single or repeated dosing. Studies performed in mice, guinea
pigs, and goats showed a local transient inflammatory response at the in-
jection site. No systemic toxicity (weight loss or increased granulomatous
response) was detected in any of the experiments. In the phase I clinical
trial no SAE was reported, in the phase IIa trial two SAEs were reported,
only one of them with likely causality to the study vaccine and this SAE
resolved at the end of the study. Most occurring AEs were injection site
reactions, induration, local nodules and local pain, sterile abscesses, swell-
ing, ulcer, headache, and nasopharyngitis. These AE’s were mostly mild
and well tolerated. Other risks include complications while drawing blood
(local hematomas or infection, excessive bleeding after venepuncture) or
being exposed to x-rays. However, the X-ray exposure is minimal (one
photo equals 0,3 mSv compared to the annual background radiation in the
Netherlands of 2-2,5 mSv).

To conclude, this study encloses risks which are outweighed by the ad-
vantages: Apart from standard risks during hospital admission (i.e. com-
plications from drawing blood) the main risks are local reactions follow-
ing vaccination which are unpleasing but very likely not dangerous. Seen
the enormous failure of the worlds medical community to stop the emer-
gence of MDR-TB, a disease with only 50% treatment success requiring up
to 24 months of potentially toxic second-line antimicrobials, and the ab-
sence of any novel approach / vaccine to change the current, failing treat-
ment paradigm, we believe that the patients included in this study and all
MDR-TB patients beyond will profit from the results obtained from this

161 5.8. Ethical considerations

safety study.

Handling and storage of data and documents

For patient data and responses to Case Report Forms we use the software
OpenClinica hosted and approved by the Trial Coordination Center (TCC)
Groningen, The Netherlands. The data entries will be checked and super-
vised by the monitors for all patients and for all entered data. All data, in-
cluding data from the Ukrainian trial site, will be safeguarded on Gronin-
gen servers with their respective data storage and back-up plans. Only
persons involved in the study and after prior training will receive access
to the data using individual and unique usernames and passwords. These
persons include the study personnel, the monitors, the auditor, and if re-
quested governmental agencies. The key to the subject identification code
will be safeguarded using an anonymous study number with the code kept
in a secured file at the centre where the patients are being admitted. The
handling of personal data will be in accordance with the Dutch Personal
Data Protection Act (in Dutch: De Wet Bescherming Persoonsgegevens,
Wbp). The data, collected in a database will be kept for the period of 15
years. Human material will be kept for 5 years and, if considered appro-
priate, data and samples could be used for different studies, as indicated
in the patient consent form. After the period of 5 years samples will be
destroyed.

Clean File for the final database will be declared when all data have
been entered and a quality check on a sample of the data has been per-
formed. The database will be locked after Clean File has been declared and
data extracted for statistical analysis. Treatment code will not be broken
until clean file. Study team meetings will be held as needed prior to or dur-
ing the study. The medical, nursing and other staff involved in the study
will receive proper education/information on how to conduct the study
according to the protocol. Authorised representatives of the regulatory au-
thority may visit the center to perform inspections, including source data
verification.

Monitoring and Quality Assurance

Monitoring will be executed in compliance with the NFU (The Netherlands
Federation of University Medical Centres)-guideline “Quality Assurance
of research involving human subjects 2.0”. Monitoring for this study at
Beatrixoord, Haren will be performed by the TCC of the UMCG. They
will provide an independent and qualified monitor. For the trial sites in
Ukraine, an independent CRO based locally was trained to perform the
monitoring. To ensure patient’s rights, wellbeing and safety, compliance as
well as quality of data, the monitors will visit the sites on a regular basis.



Chapter 5. RUTI R© Vaccination in Multidrug-resistant Tuberculosis 162

For this study the risk classification is considered high (based on the NFU
guideline), which implies intensive monitoring of at least 3 visits per site
per year. Frequency of the visits depends on the actual patient inclusion
rate and the observed events and deviations on a site.

The monitor will verify the following items: patient flow (inclusion
and dropout rate); Informed Consent Forms (presence, dates, signatures);
Trial Master File and Investigator Site File (presence of all essential doc-
uments); in- and exclusion criteria; primary endpoint; SAEs / SUSARs
(missed events, reporting procedures); study treatment (patient instruc-
tions, administration, accountability). 100% source data verification will
be performed for all patients on a pre-selected set of data (focused on end-
points and safety). Source documents are defined as the patient’s hospital
medical records, clinician notes, laboratory print outs, digital and hard cop-
ies of imaging, memos, electronic data etc.

The monitor will verify the compliance to study procedures, Stand-
ard Operating Procedures and other instructions. The presence of certi-
ficates, Standard Operating Procedures and instructions related to devices,
facilities, laboratories, pharmacy and other departments involved will be
checked. Findings from the monitoring visits will be reported by the mon-
itor to the sponsor-investigator through a monitoring visit report. It is the
responsibility of the sponsor-investigator to follow up on findings, devi-
ations, queries or other issues where required.
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Introduction

The implementation of next generation sequencing techniques, such as whole
genome sequencing (WGS), in tuberculosis (TB) research has enabled timely,
cost-effective, and comprehensive insights into the genetic repertoire of the
human pathogens of the Mycobacterium tuberculosis complex (MTBC).
WGS data allow for detailed epidemiological analysis based on genomic
distance of the MTBC strains under investigation, e.g. for tracing out-
breaks; it can accelerate diagnostics by predicting drug resistance from
a mutation catalogue (Figure 6.1). Indeed, specific mutations even per-
mit predictions on the possible clinical treatment course and outcome1-4.
These examples of how genomic data informs treatment choice illustrate
the concept of precision medicine in infectious diseases, where prevention
and treatment strategies take information from systems biology and indi-
vidual variability into account5. With the increasing volume of biological
and genomic sequence data of pathogens, precision medicine in infectious
diseases has gained momentum in recent years. In this pearl, we briefly
portray how genome sequencing has transformed and accelerated deliv-
ery of tailored treatment to patients with multidrug-resistant (MDR)-TB
(defined by in vitro drug resistance against rifampin and isoniazid) and ex-
tensively drug-resistant (XDR)-TB (defined by MDR-TB plus in vitro drug
resistance against a fluoroquinolone and a second-line injectable drug –
amikacin, capreomycin or kanamycin). We describe its potential to infer
drug resistance profiles and forecast treatment outcomes. Although im-
plementation of personalised TB therapy may seem difficult under pro-
grammatic conditions, genome-based resistance and outcome prediction
are likely to become feasible for this purpose in the near future.

MDR-TB as model example of precision medicine in
infectious diseases

The emergence of drug-resistant MTBC strains is a major public health
challenge. The WHO reports 72% and 65% of MDR- TB among previously
treated TB cases in Belarus and the Russian Federation, respectively6. The
burdening treatment of M/XDR-TB takes much longer, yielding successful
outcome in around 60% in MDR- and 35% in XDR-TB patients7,8. Treat-
ment regimens are empirical at start - later to be modified as per phenotypic
drug susceptibility test (pDST) results. This process can take several weeks
to months due to slow mycobacterial growth. While classical point-of-care
molecular tests, as discussed later, provide rapid information on selected
mutations on few drugs, the treatment already started may contain inef-
fective and potentially toxic drugs until pDST results become available9.
By leveraging the genomic information of the infecting bacilli, individual-
ised and precise treatment regimens can be tailored to the resistance profile
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of the infecting microorganism of a particular patient, instead of using a
standardised drug combination. MDR-TB thus serves as model example
of how the individual variability of the infecting pathogen is taken into
account to deliver faster, precise, and more effective treatment to patients.

Classical molecular test to inform M/XDR-TB therapy

The fundamental concept underlying any molecular test is to predict a
biological phenotype based on the genetic mutation or variant detected10.
These drug-resistance conferring variants in the genome present reliable
biomarkers to predict drug resistance and, based thereon, to design effect-
ive treatment regimens without awaiting culture results. Molecular tests to
quickly identify genotypic drug resistance have been successfully imple-
mented in daily practice11. The first molecular assays widely introduced
were the line probe assays such as the Genotype MTBDRplus and MT-
BDRsl. These diagnostic tools can infer drug resistances to key first and
second-line drugs from sputum specimens, although with reduced accur-
acy compared to DNA isolates from cultures12. The real-time PCR-based
GeneXpert is capable of identifying MTBC DNA as well as rifampin res-
istance, mediated by mutations in the rifampin resistance-determining re-
gion of the rpoB gene, as a “close-to-point-of-care-test” with an assay turn-
around time of less than two hours. Yet, all these classical molecular assays
are limited as they interrogate only few and confined parts of the genome.
Also, they can only be used as rule-in test for drug resistance and do not to
infer comprehensive drug susceptibility.

From clinical sample to genome

The advent of WGS in routine microbiological diagnosis allows character-
ising all known genes associated with resistance, providing access to the
full ‘resistome’ of bacteria of the MTBC. In turn, the absence of any known
molecular resistance marker for a certain antibiotic, offers the opportunity
to predict drug susceptibility, especially for the well-defined first-line drug
targets13. Ideally, as with the GeneXpert, the infecting MTBC strain is se-
quenced directly from the patient sputum, which however remains technic-
ally challenging14. Using targeted DNA enrichment, resistance prediction
based on sequenced genomes from sputum was available within 5 days
compared to 36 days from phenotypic DST15. In this study, the authors
obtained whole genomes (defined as more than 85% single read coverage
against the reference genome) in 74% of the sputum samples. When captur-
ing only resistance-associated regions, direct sputum sequencing was ob-
tained within 3 days of sample receipt15. While this technique requires to be
refined and simplified for use under service conditions, direct sputum se-
quencing can significantly reduce turnaround time to provide comprehens-
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ive genotypic DST results. Another report assessed the turnaround time of
sequencing for resistance prediction versus pDST from early-positive My-
cobacterial Growth Indicator Tubes that are widely used as liquid culture
for MTBC detection. Results from WGS for first-line drugs were avail-
able within 72h of delivery compared to 28 days on average from pDST16.
Routinely, the genome sequence of the infecting MTBC strain is obtained
from high quality DNA isolated from cultured organisms. The amount
of DNA needed for the sequencing library preparation is specific for the
sequencing platform and chemistry used. Upon alignment of the genomic
sequence data to a reference TB strain using bioinformatics software and al-
gorithms, the recorded variants are reviewed and interpreted. These vari-
ants comprise mutations of a single nucleotide, deletions or insertions of
multiple nucleotides of the infecting strain compared to the reference. Man-
agement of a routine WGS workflow and the generated data still requires
a dedicated bioinformatics team and server architecture. However, several
commercial (such as Applied Maths Bionumerics, Ridom SeqSphere+) as
well as freely available software packages (such as CASTB, KvarQ, Myk-
robe Predictor TB, PhyResSE, TBProfiler) exist to analyse WGS data with a
pre-defined analysis pipeline and to derive resistance-conferring mutations
and lineage classification on the basis of available mutation catalogues17.

From genome to resistance prediction and treatment design

For many of the detected mutations, inconclusive genotype-phenotype cor-
relations render the analysis challenging. While this association is straight
forward for some drugs, it is more intricate for others, e.g. rifabutin, eth-
ambutol and pyrazinamide18,19. On the one hand, clinical breakpoints to
certain antibiotics are significantly higher than the epidemiological cutoff
(ECOFF), i.e. highest minimum inhibitory concentration (MIC) of a gen-
otypic wild type strain. On the other hand, some breakpoints bisect the
MIC distribution of mutant strains carrying (low-level) resistance mediat-
ing mutations. Both observations likely lead to the report of false suscept-
ible pDST results and suggest the use of genotype for resistance to indi-
vidual drugs as proxy for phenotypic resistance19. Vice versa, currently
available mutation catalogues likely do not cover the full ‘resistome’ of
the MTBC and sensitivities for major first-line drugs do not exceed 95%,
a value which would be desirable for a frontline diagnostic test. To fill this
gap, global consortia such as CRyPTIC (crypticproject.org) and ReSeqTB
(platform.reseqtb.org) have been established to increase the performance
of molecular predictions of drug resistance in TB. Recently, a genome-wide
association study based on 6,465 clinical TB isolates pointed out several
new mutations associated to phenotypic resistance to different M/XDR-
TB drugs20. In another recent effort using likelihood ratio thresholds to
nominate variants that cause phenotypic resistance with high probability,
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Figure 6.1: Principles of pathogen-tailored individualised treatment
design for drug resistant tuberculosis

A) Mutations are obtained from a whole genome sequencing reference
mapping approach which can also be transferred into a core genome multi
locus sequencing type (cgMLST) for outbreak surveillance reasons.
B) Individual mutations are further interpreted towards their biological
phenotype employing a validated consensus mutation catalogue.
C) When canonical/high-level resistance-conferring mutations are present,
this drug should not be used. However, mutations associated with a mod-
erate/intermediate resistance level may allow the use of drugs at increased
doses. Moreover, mutations can be used to predict different treatment out-
comes. Thus, by also considering phylogenetic benign mutations that do
not confer resistance, a comprehensive molecular drug susceptibility pro-
file could be inferred for a pathogen-tailored individualised treatment re-
gimen in the future.
cgMLST, core genome mulitlocus sequencing type; TB, tuberculosis.
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Figure 6.1: Principles of pathogen-tailored individualised treatment
design for drug resistant tuberculosis

A) Mutations are obtained from a whole genome sequencing reference
mapping approach which can also be transferred into a core genome multi
locus sequencing type (cgMLST) for outbreak surveillance reasons.
B) Individual mutations are further interpreted towards their biological
phenotype employing a validated consensus mutation catalogue.
C) When canonical/high-level resistance-conferring mutations are present,
this drug should not be used. However, mutations associated with a mod-
erate/intermediate resistance level may allow the use of drugs at increased
doses. Moreover, mutations can be used to predict different treatment out-
comes. Thus, by also considering phylogenetic benign mutations that do
not confer resistance, a comprehensive molecular drug susceptibility pro-
file could be inferred for a pathogen-tailored individualised treatment re-
gimen in the future.
cgMLST, core genome mulitlocus sequencing type; TB, tuberculosis.
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the authors were able to sort 286 variants from 20 resistance-conferring
genes into a grading system comprising three levels - high-, moderate-
, and minimal-confidence13. In addition, Yadon and colleagues further
provided over 300 resistance mediating mutations in the gene pncA which
confer pyrazinamide resistance along with a classification of susceptible
variants21. Independent clinical studies comparing genomic versus tra-
ditional pDST data have recently confirmed that treatment regimens de-
signed with WGS data are congruent with those guided by pDST 9,22.
Treatments based on WGS were correctly designed in 93% compared to
pDST in a cohort of 25 M/XDR-TB patients and only WGS-based regi-
mens contained no drug that was tested resistant by pDST9. Genome-
based resistance or susceptibility predictions will likely enter the routine
diagnostic workflow in the near future. Larger studies will settle non-
conclusive genotype-phenotype relations to finally create a work list of
highly predictive mutations for clinical use.

From genome to outcome prediction

It is generally accepted that genetic tests should have pDST as gold stand-
ard although certain pDSTs are known to lack reproducibility due to tech-
nical limitations and likely bias the interpretation of some mutations19. As
a consequence, the real gold standard should be treatment outcome. First
clinical data are accumulating demonstrating how pathogen-based genetic
information provides insights on potential treatment course and outcome.
Two retrospective studies illustrated that specific codon mutations in the
fluoroquinone-resistance-conferring gyrA gene were linked to poor treat-
ment outcome in MDR-TB patients1,2. The presence of these gyrA muta-
tions was strongly associated with death or treatment failure after con-
trolling for host and treatment factors in the cohort. A prospective study
with 252 patients with culture-confirmed MDR-TB confirmed the role of
fluoroquinolone resistance in precipitating treatment failure3. Mutations
in other resistance-conferring genes have also been shown to impact treat-
ment outcome. Resistance to INH, caused by the specific katG codon 315
variant but not inhA, was shown to accrete unfavourable outcome4. In
2017, England as first country has implemented routine WGS for diagnosis
and resistance prediction of MTBC on a national scale23. Pioneering WGS
at a population level facilitates a scenario where pDST is no longer re-
quired for genetically susceptible strains. These patients can be treated us-
ing a first-line regimen, given the well-characterised genotype-phenotype
link for these drugs. Ultimately, the data generated by this large scale se-
quencing effort will allow to correlate the presence of resistance conferring
mutations with clinical outcome.
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Outlook and other aspects of personalised therapy for MDR-TB

While genome-based resistance prediction has already been practiced in
some TB centres leading to individualised therapy for patients, additional
aspects of personalised therapy will likely guide treatment in the future.
Firstly, therapeutic drug monitoring using dried-blood-spots provides in-
formation on the drug level at a certain time point. The physician can
modify the dose accordingly to reduce the chance of emerging resistance
and mitigate drug-associated side effects24. Secondly, the development of
reliable biomarkers for diagnosis and treatment monitoring will further
personalise treatment. The recent identification of whole-blood based host-
genetic signature comprising four genes that predicts progression to TB
is promising25. Finally, insights on the phylogenetic lineage of the indi-
vidual, infecting MTBC strain, coupled with their virulence and transmis-
sion properties, may inform and further individualise the treatment course.
Although highly clonal, there is significant genetic diversity among clinical
MTBC strains that translates into relevant biological diversity and versatil-
ity of the tubercle bacilli in their respective in vivo niches. Strains of differ-
ent MTBC lineages can be highly distinct in their host tropism and ability
to progress from latency to active disease biology26. Drawing on the geo-
graphical distribution and restriction of the different lineages, the notion
emerged that some strains adapted to their local hosts, leading to a treat-
ment paradigm where the phylogenetic group of the infecting pathogen
needs to be taken into account as risk factor27.

Conclusion

In the absence of horizontal gene transfer, its slow mutation rate, and its
highly clonal population structure, Mycobacterium tuberculosis infection is
the ideal arena to pioneer pathogen-genome guided treatment decisions.
WGS has the potential to accelerate the time-consuming and cumbersome
diagnosis and resistance profiling of MTBC strains to timely deliver in-
dividualised and effective treatment regimens. Thorough clinical evalu-
ation of treatment is warranted based on as yet unexplained genotype-
phenotype correlations. With population level WGS introduced, England
antecedes a diagnostic algorithm where phenotypic drug susceptibility test-
ing will only be required in cases of first-line drug resistance in a standard-
ised regimen. Exploiting the entire potential of WGS, detailed information
about the phylogenetic lineage of infecting strains can inform the clinician
on the readiness of the strain to develop further drug resistance. Together,
these innovative approaches in TB treatment herald a new era in treatment
of MDR-TB that will contribute to reducing treatment failure and ongoing
transmission.
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Abstract

Phenotypic drug susceptibility testing (DST) for the two first-line tubercu-
losis drugs ethambutol and pyrazinamide is known to yield unreliable and
inaccurate results. In this prospective study, we propose a diagnostic al-
gorithm combining phenotypic DST with Sanger sequencing to inform clin-
ical decision-making for drug resistant Mycobacterium tuberculosis complex
isolates. Sequencing results were validated using whole genome sequences
(WGS) of the isolates. Resistance-conferring mutations obtained by pncA
sequencing correlated well with phenotypic DST results for pyrazinamide.
Phenotypic resistance to ethambutol was only partly explained by muta-
tions in the embB 306 codon. Additional resistance conferring mutations
were found in the embB gene at codons 354, 406 and 497. In several isolates
that tested ethambutol susceptible by phenotypic DTS, well-known resist-
ance conferring embB mutations were determined. Thus, targeted Sanger
sequencing beyond embB 306 codon or WGS together with phenotypic DST
should be employed to ensure reliable ethambutol drug susceptibility as
basis for rational design of MDR-TB regimens with or without ethambutol.
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7.1 Introduction

Isoniazid (INH), rifampicin (RMP), ethambutol (EMB), and pyrazinamide
(PZA) are first-line drugs used to treat tuberculosis (TB) caused by fully
susceptible Mycobacterium tuberculosis complex (MTBC)1. In contrast, multi-
drug-resistant TB (MDR-TB) caused by MTBC resistant to both RMP and
INH requires prolonged treatment with less efficacious and more toxic second-
line drugs. Drug susceptibility testing (DST) is crucial to detect resistance
as it informs choice of effective treatment. While phenotypic DST (pDST)
provides reliable and reproducible results for INH and RMP, it yields less
accurate results for EMB and PZA2. Potential explanations include an in-
accurate current critical concentration splitting the upper end of the wild-
type distribution as well as methodological variations within diagnostic
laboratories3.

In the context of MDR-TB, EMB and PZA are recommended as ” add-on
agents” regardless of pDST results4. Side effects caused by PZA and EMB,
such as nausea, vomiting, hepatoxicity, and optic neuropathy, often accrete
the multiple side effects caused by second line drugs5,6. If reliable and re-
producible DST for EMB and PZA were available, unnecessary exposure
and harmful side effects could be avoided. With PZA being an integral
part of the World Health Organization (WHO) recommended short course
MDR-regimen, reliable detection of PZA resistance is important for coun-
tries considering roll-out of this regimen4.

Molecular based methods detecting resistance-conferring mutations prof-
fer alternatives to pDST for selected drugs. EMB targets the mycobacterial
cell wall by inhibiting the arabinosyl transferases encoded by theembCAB
operon, a 1̃0kb region comprising the three adjacent genes embC, embA
and embB7. Its effect is mainly exerted upon the polymerisation steps in
the biosynthesis of the arabinan component of cell wall arabinogalactan8.
The pncA-encoded nicotinamidase/pyrazinamidase converts the pro-drug
PZA to pyrazinoic acid, which disrupts membrane permeability and trans-
port. In accordance with these mechanisms, resistance to EMB and PZA are
mainly associated with mutations in the embCAB operon, notably codon
306 of embB, and the pncA gene9-12.

The present study aimed to prospectively investigate an algorithm com-
bining phenotypic and genotypic (pncA and embB 306 sanger sequencing)
approaches to determine PZA and EMB susceptibility in RMP-resistant TB
isolates for use in a routine laboratory.

7.2 Results

A total of 85 unrelated clinical isolates including 7 RMP mono-resistant and
78 MDR isolates were included. These isolates comprised all four main lin-
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Figure 7.1: Phylogenetic distribution of included isolates. Circular phylo-
gramm of a maximum likelihood analysis inferred from 9472 SNPs posi-
tions shows that all major lineages are represented in our study sample. L
= lineage; EAI = East African Indian
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The pncA-encoded nicotinamidase/pyrazinamidase converts the pro-drug
PZA to pyrazinoic acid, which disrupts membrane permeability and trans-
port. In accordance with these mechanisms, resistance to EMB and PZA are
mainly associated with mutations in the embCAB operon, notably codon
306 of embB, and the pncA gene9-12.

The present study aimed to prospectively investigate an algorithm com-
bining phenotypic and genotypic (pncA and embB 306 sanger sequencing)
approaches to determine PZA and EMB susceptibility in RMP-resistant TB
isolates for use in a routine laboratory.

7.2 Results

A total of 85 unrelated clinical isolates including 7 RMP mono-resistant and
78 MDR isolates were included. These isolates comprised all four main lin-
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Figure 7.1: Phylogenetic distribution of included isolates. Circular phylo-
gramm of a maximum likelihood analysis inferred from 9472 SNPs posi-
tions shows that all major lineages are represented in our study sample. L
= lineage; EAI = East African Indian
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eages of M. tuberculosis. 43 belonged to Lineage 2 ”Beijing” (50.6%), 10
were part of Lineage 3 ”Delhi-CAS” (11.8%), 2 of Lineage 1 ”East-African-
Indian” (2.4%), and 30 belonged to Lineage 4 ”Euro-American” (35.3%) (see
figure 7.1). For a detailed list of all detected mutations known to be implic-
ated in EMB and PZA resistance as well as the excluded phylogenetic SNPs
see supplementary information accessible through the link stated in meth-
ods.

Sequencing and phenotypic drug susceptibility

pDST classified 52 isolates (61.2%) as PZA resistant. There was 100% con-
cordance between pDST and pncA sequencing results for 49 PZA resistant
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and 33 PZA susceptible isolates. No PCR results could be obtained for
three resistant isolates. NGS revealed large pncA deletions for two and a
pncA T47A mutation for one of these isolates. 28 different mutations, in-
cluding one double mutation, were identified in the pncA gene. pncA D8G,
L4S, T76P represented the most common variants.

For EMB, 42 (49.4%) isolates tested resistant and 43 (50.6%) suscept-
ible by pDST. Overall, 60 of the 85 isolates (70.6%) showed concordance
between pDST and embB306 sequencing.

Ethambutol resistant isolates

In less than two thirds of the 42 EMB resistant isolates (24 of 42, 57.14%),
phenotypic resistance was confirmed by identifying a mutation of the embB
codon 306 by Sanger sequencing. The remaining 18 isolates were phen-
otypically resistant to EMB without evidence of embB306 mutations. We
repeated pDST for isolates with discordant results. Of 18 phenotypically
resistant isolates with embB306 wildtype, one isolate tested susceptible on
repeat testing. For 16 of the remaining 17 strains, NGS analysis revealed
non-synonymous, non-phylogenetic mutations in the embCAB operon up
or downstream from the embB306 codon. The mutation embB Q497R was
present in 7 isolates (once in combination with embB A453A) and embB
G406A was found in 5 isolates (once in combination with embB D1024N).
The following SNPs were identified in only one isolate each: embB S297A
together with embB D1024N, embB D354A with embB D1024N, and embB
Q497K. The mutations embBY319C and embB S297A were present in pDST-
resistant strains only. Phenotypic resistance to EMB occurred at a signific-
antly higher frequency in isolates that carried mutations at embB codon 306
or 497 (Chi-square, p < 0,0001).

Ethambutol susceptible isolates

In total, 43 out of 85 isolates (50.6%) tested phenotypically susceptible.
Among these isolates, 7 (16.3%) displayed a codon 306 (M306I) mutation
in the embB gene, while the majority were found to be embB306 wildtype
(36 out of 43 susceptible isolates (83.7%)). Of these 7 phenotypically sus-
ceptible isolates with an embB306 mutation, 2 isolates tested resistant in
a repeated pDST. Of the remaining 5 phenotypically susceptible isolates
with an embB306 mutation, 4 displayed elevated MICs (see table 7.1). Aside
from variants in the embB306 codon, 18 susceptible isolates had at least one
mutation within embCAB . The mutations embBD354A, embBG406A, and
embBQ497K occurred in both pDST resistant and in susceptible isolates (see
table 7.1 and figure 7.3). Increased MICs were detected in 4 of the 5 suscept-
ible isolates with these mutations. One isolate with an embBD354A and an
additional embBD1024N mutation was tested resistant when repeated. Of
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with an embB306 mutation, 4 displayed elevated MICs (see table 7.1). Aside
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mutation within embCAB . The mutations embBD354A, embBG406A, and
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Figure 7.3: Distribution of mutations across the embB codons. Frequency
of mutations at their respective codons positions are shown. The region
covered by the PCR primers currently used, and the validated PCR primers
suggested to be used are indicated by black brackets.

the remaining 31 susceptible isolates, with and without embCAB mutation,
4 were tested resistant when repeated. 3 had a double mutation in embB (2
x Y334H + embA -12c/T, 1x embB D328G + embB L74R).

No embR mutation was detected in our dataset, while variants in ubiA
and aftA were each found in three cases representing both susceptible and
resistant isolates. The two EMB resistant isolates with a variant in ubiA and
one EMB resistant isolate with a mutation in aftA also harboured mutations
in the embCAB operon. All mutations found in EMB resistant and suscept-
ible isolates within the embCAB operon and in other candidate genes and
the MICs of EMB susceptible strains are listed in the supplemental inform-
ation accessible through the link stated in methods and table 7.1.

7.3 Discussion

This study showed 100% concordance between pDST and pncA Sanger se-
quencing for PZA. However, our study affirms that pDST and embB306
sequencing alone is not sufficient for a reliable determination of EMB resis-
tance13. Concordance with phenotypic resistance was high for some muta-
tions identified within the embCAB operon, notably embB M306V and embB
Q497R. Additional mutations that were present in both phenotypically sus-
ceptible and resistant isolates in our collection and associated with elevated
MICs comprise embBQ497K, embBD354A, embBG406A. This is in agreement
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Mutation(s) pDST = S (43) MIC(µg/ml) pDST = R (42)

embA -12c/t 2 1x 2.5; 1x3.75
embA -11c/a 1 2.5
embA P838L 1 ≤ 1.25
embB N296H 1 3.75
embB S297A + embB D1024N 1
embB M306I 6 3x 3.75; 1x 5; 2x ≥ 5 =R 3
embB M306I + embB N296H 1
embB M306I + embA -16c/a 1
embB M306V 1 2.5 17
embB M306V + Q497P 1
embB M306V + embA -11c/t 1
embB Y319C 1
embB D328G + embB L74R 1 ≥ 5 = R
embB Y334H + embA -12c/t 2 2x ≥ 5 = R
embB D354A 1 5
embB D354A + embB D1024N 1 5 1
embB T393A 1 ≤ 1.25
embB G406A 1 5 4
embB G406A + embB D1024N 1
embB G406D 2 1x ≤ 1.25; 1x 3.75
embB Q497K 2 2x 5
embB Q497R 4
embB Q497R + embBQ453A 1
embB Q497R + embC A387V 1
embB Q497R + embA -8c/a 1
embB D1024N 1 3.75
embC P707L 1 2.5
no mutation 18 ** 2*

Table 7.1: embCAB mutations and their corresponding MICs in the selec-
ted clinical isolates.
S = susceptible; R = resistant; *one was tested susceptible, when repeated
(MIC = ≤ 1.25); ** 11x ≤ 1.25; 6x 2.5; 1x≥ 5 = R (gspI -240 c/T and Rv3785
c/G at position 4.243.217)
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with previously published MIC data showing an association between these
codons and high MICS9,14-16. The fact that some of these isolates were ini-
tially classified as susceptible by pDST is explained by isolate-MICs close
to the EMB critical concentration. Our data suggest that an isolate should
be regarded as EMB resistant if any of these mutations are present and an
elevated MIC is observed, regardless of the initial pDST result. Yet, because
of the relatively small sample size, no conclusions can be drawn for other
mutations detected in only one or two isolates.

Earlier work suggests that the ubiA (Rv3806c), and notably non-synon-
ymous mutations in codons 237 and 240, may confer EMB resistance17. We
found three ubiA mutations in our dataset (V55G and two times E149D)
in both phenotypically resistant and susceptible isolates. AftA, another
enzyme-encoding gene implicated in cell wall synthesis has also been found
to be associated with EMB resistance18. Our dataset revealed mutations at
codon 575 in a susceptible isolate, and mutation T611M in a resistant and
susceptible isolate.

pDST in combination with Sanger sequencing of codon 306 in embB cor-
rectly identified 57.1% (24/42) of EMB resistant isolates. An additional 16
isolates would have been detected as EMB-resistant, if the region covered
by Sanger-sequencing was widened to include codons embB297 and embB497,
as previously proposed13,19,20. The sensitivity to predict phenotypic EMB
resistance of the embBcodon 306 mutations was 0.57 (specificity 0.83) which
could be increased to 0.9 (specificity 0.67) when including embB codons
306, 354, 406, and 497. With all embCAB mutations identified among our
study isolates sensitivity to predict EMB resistance was 0.95 (specificity
0.42). Primers for an extended PCR spanning these codons have been val-
idated as part of this study (see table 7.1). No PCR product could be ob-
tained for three pDST resistant isolates. The phenotypic resistance can be
explained by larger deletions in two isolates and a T47A mutation in one
isolate. The mutation T47A has been described to lead to increased MICs
close to the resistance breakpoints21.

In contrast to previous publications we report 100 % concordance be-
tween molecular and phenotypic PZA DST22. NGS confirmed resistant
pDST results in three additional isolates with non-interpretable Sanger se-
quencing results. Two of these isolates had large deletions in the pncA gene.
A recent study involving six national reference laboratories investigating
1142 MDR strains showed that 10% of isolates with pncA mutations tested
phenotypically susceptible. The majority of pncA variants (85%) in this
study were high confidence mutations known to be associated with PZA
resistance11. In a comprehensive mutational screening approach the PZA
resistance phenotype of 977 pncA non-synonymous SNPs was assessed. A
third of the mutations (n=301) were resistance conferring while another
third (n=310) were not associated with phenotypic resistance23. Of the 28
different pncAmutations identified in our study; 18 belonged to the resist-
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ance conferring group as per Yadon et al .23; none were in the group not
associated with resistance.

Recommendation for patient management

One method alone, i.e. pDST, Sanger sequencing around codon 306 of embB
or NGS is insufficient to reliably detect EMB resistance. We thus propose
a diagnostic algorithm using pheno- and genotypic methods in parallel for
all clinical isolates with RMP resistance detected by rapid molecular (Gen-
eXpert or Line Probe Assays) or phenotypic tests (Figure 7.2). If NGS is not
available or only available as a research tool Sanger sequencing between
codon 297 and 497 of embB should be considered (see table 7.1 for a valid-
ated primer sequence spanning these embB codons). Interpretation of DST
results is straight forward if pheno- and genotypic test results are in agree-
ment. Discordances between phenotypic and genotypic results may need
to be further investigated. However isolates with mutations in the embB
codons 306, 354, 406, and 497 should be assumed EMB resistant regard-
less of the phenotypic DST result9,14-16. MICs should be determined for
all phenotypically susceptible isolates with mutations in the genes/operon
aftA, ubiA and embCAB to elucidate putative additive effects of linked muta-
tions (e.g. embB S297A and embB D1024N) and the relevance of debatable
mutations (e.g. embB Y319C, N296H) on the EMB resistance level. If MIC
testing is not feasible, repeated pDST at the critical concentrations should
be performed. For those isolates, the microbiologist or biomedical scientist
should relay the uncertainty about the effectiveness of EMB to the clinician
who may or may not consider EMB as an add-on agent.

Implementation of the proposed algorithm is likely to be feasible and
relevant in most low TB incidence, high resource settings where pDST is
routinely performed and access to NGS is widely available. The major-
ity of MDR-TB cases in Western European countries are diagnosed among
migrants from high TB and/or MDR-TB burden countries. In Germany a
high proportion of MDR-TB cases is from former Soviet Union and Eastern
Europe countries24. While prevalence of EMB resistance among MDR-TB
cases is not systematically reported, the studies reporting EMB resistance
show a consistently high prevalence of >50%25,26.

The feasibility of implementing this algorithm in high MDR-TB burden
middle or low-income settings depends on the availability of phenotypic
DST and sequencing. This in turn requires technical skills and expertise, in-
frastructure, appropriate biosafety measures, and bioinformatics. Over the
past years the capacity to perform phenotypic DSTs has greatly increased
in many middle or low-income settings. There is great interest and en-
thusiasm to rolling out sequencing in low resource settings, but wide im-
plementation has not yet happened27,28. With sequencing becoming more
widely available algorithms such as the one proposed in this study will



Chapter 7. Ethambutol Resistance in Low-incidence Settings 188

with previously published MIC data showing an association between these
codons and high MICS9,14-16. The fact that some of these isolates were ini-
tially classified as susceptible by pDST is explained by isolate-MICs close
to the EMB critical concentration. Our data suggest that an isolate should
be regarded as EMB resistant if any of these mutations are present and an
elevated MIC is observed, regardless of the initial pDST result. Yet, because
of the relatively small sample size, no conclusions can be drawn for other
mutations detected in only one or two isolates.

Earlier work suggests that the ubiA (Rv3806c), and notably non-synon-
ymous mutations in codons 237 and 240, may confer EMB resistance17. We
found three ubiA mutations in our dataset (V55G and two times E149D)
in both phenotypically resistant and susceptible isolates. AftA, another
enzyme-encoding gene implicated in cell wall synthesis has also been found
to be associated with EMB resistance18. Our dataset revealed mutations at
codon 575 in a susceptible isolate, and mutation T611M in a resistant and
susceptible isolate.

pDST in combination with Sanger sequencing of codon 306 in embB cor-
rectly identified 57.1% (24/42) of EMB resistant isolates. An additional 16
isolates would have been detected as EMB-resistant, if the region covered
by Sanger-sequencing was widened to include codons embB297 and embB497,
as previously proposed13,19,20. The sensitivity to predict phenotypic EMB
resistance of the embBcodon 306 mutations was 0.57 (specificity 0.83) which
could be increased to 0.9 (specificity 0.67) when including embB codons
306, 354, 406, and 497. With all embCAB mutations identified among our
study isolates sensitivity to predict EMB resistance was 0.95 (specificity
0.42). Primers for an extended PCR spanning these codons have been val-
idated as part of this study (see table 7.1). No PCR product could be ob-
tained for three pDST resistant isolates. The phenotypic resistance can be
explained by larger deletions in two isolates and a T47A mutation in one
isolate. The mutation T47A has been described to lead to increased MICs
close to the resistance breakpoints21.

In contrast to previous publications we report 100 % concordance be-
tween molecular and phenotypic PZA DST22. NGS confirmed resistant
pDST results in three additional isolates with non-interpretable Sanger se-
quencing results. Two of these isolates had large deletions in the pncA gene.
A recent study involving six national reference laboratories investigating
1142 MDR strains showed that 10% of isolates with pncA mutations tested
phenotypically susceptible. The majority of pncA variants (85%) in this
study were high confidence mutations known to be associated with PZA
resistance11. In a comprehensive mutational screening approach the PZA
resistance phenotype of 977 pncA non-synonymous SNPs was assessed. A
third of the mutations (n=301) were resistance conferring while another
third (n=310) were not associated with phenotypic resistance23. Of the 28
different pncAmutations identified in our study; 18 belonged to the resist-

189 7.3. Discussion

ance conferring group as per Yadon et al .23; none were in the group not
associated with resistance.

Recommendation for patient management

One method alone, i.e. pDST, Sanger sequencing around codon 306 of embB
or NGS is insufficient to reliably detect EMB resistance. We thus propose
a diagnostic algorithm using pheno- and genotypic methods in parallel for
all clinical isolates with RMP resistance detected by rapid molecular (Gen-
eXpert or Line Probe Assays) or phenotypic tests (Figure 7.2). If NGS is not
available or only available as a research tool Sanger sequencing between
codon 297 and 497 of embB should be considered (see table 7.1 for a valid-
ated primer sequence spanning these embB codons). Interpretation of DST
results is straight forward if pheno- and genotypic test results are in agree-
ment. Discordances between phenotypic and genotypic results may need
to be further investigated. However isolates with mutations in the embB
codons 306, 354, 406, and 497 should be assumed EMB resistant regard-
less of the phenotypic DST result9,14-16. MICs should be determined for
all phenotypically susceptible isolates with mutations in the genes/operon
aftA, ubiA and embCAB to elucidate putative additive effects of linked muta-
tions (e.g. embB S297A and embB D1024N) and the relevance of debatable
mutations (e.g. embB Y319C, N296H) on the EMB resistance level. If MIC
testing is not feasible, repeated pDST at the critical concentrations should
be performed. For those isolates, the microbiologist or biomedical scientist
should relay the uncertainty about the effectiveness of EMB to the clinician
who may or may not consider EMB as an add-on agent.

Implementation of the proposed algorithm is likely to be feasible and
relevant in most low TB incidence, high resource settings where pDST is
routinely performed and access to NGS is widely available. The major-
ity of MDR-TB cases in Western European countries are diagnosed among
migrants from high TB and/or MDR-TB burden countries. In Germany a
high proportion of MDR-TB cases is from former Soviet Union and Eastern
Europe countries24. While prevalence of EMB resistance among MDR-TB
cases is not systematically reported, the studies reporting EMB resistance
show a consistently high prevalence of >50%25,26.

The feasibility of implementing this algorithm in high MDR-TB burden
middle or low-income settings depends on the availability of phenotypic
DST and sequencing. This in turn requires technical skills and expertise, in-
frastructure, appropriate biosafety measures, and bioinformatics. Over the
past years the capacity to perform phenotypic DSTs has greatly increased
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be implemented in high MDR-TB burden settings, where they are most
needed.

Conclusions

At present, pDST for PZA and EMB cannot be replaced by any commer-
cially available molecular diagnostic. The one line-probe assay aimed at
detecting EMB resistance covers a limited range of resistance-conferring
mutations and does not differentiate between resistance conferring or si-
lent variants. Thus Sanger sequencing or NGS together with pDST should
be employed to ensure reliable EMB DST results enabling clinicians to de-
cide whether to include EMB as part of an MDR-TB regimen.
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be implemented in high MDR-TB burden settings, where they are most
needed.

Conclusions

At present, pDST for PZA and EMB cannot be replaced by any commer-
cially available molecular diagnostic. The one line-probe assay aimed at
detecting EMB resistance covers a limited range of resistance-conferring
mutations and does not differentiate between resistance conferring or si-
lent variants. Thus Sanger sequencing or NGS together with pDST should
be employed to ensure reliable EMB DST results enabling clinicians to de-
cide whether to include EMB as part of an MDR-TB regimen.
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7.4 Material and Methods

M. tuberculosis isolates

We included all RMP resistant clinical isolates referred to the German Na-
tional Reference Laboratory for Mycobacteria, Borstel (NRL), between Janu-
ary 2016 and March 2017.

Phenotypic and Sanger based drug susceptibility testing

pncA and embB306 Sanger sequencing and pDST for first and second-line
drugs were done in parallel as part of the diagnostic service. pDST was
performed using the MGIT960 system according to the manufacturer’s in-
structions (Becton Dickinson, Sparks, Md.). Processing of isolates and DNA
extraction was performed as previously described29. MGIT tubes were pre-
pared with 0.8 ml MGIT960 SIRE supplement and, with exception of the
drug-free growth control tubes, 0.1 ml drug solution. The following drug
concentrations were tested: PZA at 100 and EMB at 5.0 ?g/ml. Bacterial
suspensions of 0.5 ml were added to the test tubes and the growth controls
tubes. For molecular DST, pncA and embB306 sequencing was performed
as previously described9,30.

Minimal Inhibitory Concentration (MIC) testing for Ethambutol

For EMB MIC determination, pDST-susceptible strains were subsequently
tested at 5.0, 3.75, 2.5 and 1.25 µg/ml. The provided drug of the BACTEC
MGIT 960 SIRE Kit was reconstituted into sterile distilled/deionised wa-
ter as described in the package insert. For the test concentrations 3.75, 2.5
and 1.25 µl/ml the stock solution was diluted 3:1, 1:1 and 1:3 with sterile
distilled/deionised water before 100 µl were added to the respective MGIT
tubes. The interpretation was done with the EpiCenter TBeXiST software
according to Springer et al.31.

Next generation sequencing and phylogenomic analyses

All isolates underwent next generation sequencing (NGS) to confirm muta-
tions and investigate relatedness of isolates. From extracted genomic DNA,
sequencing libraries were constructed using the Nextera XT kit and run
on the NextSeq (2x150bp) sequencing platform (Illumina, San Diego, CA,
USA). Reads were mapped to the reference genome M. tuberculosisH37Rv
(Genbank NC 000962.3) with the alignment program BWA. Reads were re-
fined using GATK and Samtools toolkits. For variant calling in the mapped
reads, we used Samtools and custom perl scripts with minimum thresholds
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of four reads in both forward and reverse orientation, and 75% allele fre-
quency. Variants in repetitive regions or genes were masked. Single nucle-
otide polymorphisms (SNPs) positions with a clear base call in all isolates
were concatenated to a sequence alignment. A maximum likelihood tree
was inferred using FastTree with 1000 resamples32. The consensus tree was
midpoint rooted in FigTree and nodes were arranged in increasing order.
The sequence read sets were deposited in the European Nucleotide Archive
under the accession number PRJEB27354. Supplemental information and
metadata on the sequenced isolates can be found in the online version of
the published article.
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Abstract

Diabetic patients are at a three-fold increased risk of developing active
tuberculosis (TB) disease. Bi-directional screening for both diseases is there-
fore recommended by WHO. However, there is no consensus which screen-
ing modality is best suited under service conditions. The Concurrent Tuber-
culosis and Diabetes Mellitus (TANDEM) consortium has suggested a two-
step diagnostic algorithm where all patients with random plasma gluc-
ose values above 6.1 mmol/L receive point-of-care glycated haemoglobin
(HbA1C) testing. Here, we aimed to evaluate random plasma glucose test-
ing as first-step screening tool among disadvantaged TB patients in urban
slums in East, West, and South New Delhi not receiving treatment through
the national TB programme. A pilot project on diabetes screening was suc-
cessfully implemented. A total of 1773 TB patients underwent screening
and yielded 336 participants with glucose values above the threshold of 6.1
mmol/L. We concluded that random glucose sampling is feasible in our
setting and needs to be supplemented with point-of-care Hb1AC testing to
reliably diagnose diabetes, which was not available locally.
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Sir,

Mycobacterium tuberculosis causes more deaths globally than any other
single infectious agent1. India has the highest tuberculosis (TB) burden
worldwide with 1,9 million cases in 2016 and an incidence rate of 211 cases
per 100,000 population2. In the absence of efficacious vaccines and reliable
biomarkers, applying antimicrobials for a course of six or more months
under directly observed treatment has been the mainstay of TB treatment
in India. TB can co-occur along with other conditions such as HIV infec-
tion or nosocomial acquisition of gram-negative pathogens during lengthy
therapy3,4. Non-communicable diseases like diabetes have increasingly
been recognised as important risk factors for TB and poor treatment out-
comes5. While the link between TB and diabetes has been described many
decades ago6, several recent epidemiological studies and systematic re-
views have confirmed the association between diabetes and the ensuing
three-fold increased risk to develop TB7. In recognition of this, WHO re-
commends bi-directional screening of all TB patients for diabetes8. How-
ever, at which point in treatment best to screen and which diagnostic tools
to use is unknown. The Concurrent Tuberculosis and Diabetes Mellitus
(TANDEM) consortium recently suggested a two-step diagnostic algorithm
where all patients with random plasma glucose values above 6.1 mmol/L
receive point-of-care glycated haemoglobin (HbA1C) testing9. With labor-
atory based HbA1C as gold-standard, this two-step combination resulted
in a sensitivity and specificity of over 90% to detect diabetes.

The private sector in India plays a major role in the management of
TB; indeed, two-thirds of TB patients receive their treatment by private
sector entities necessitating high out-of-pocket expenditures10. Operation
ASHA (OpASHA), a not-for-profit organisation founded in 2006, is dedic-
ated to bring free TB treatment to disadvantaged patients in urban slums
and rural-poor communities. OpASHA treatment centres who might other-
wise not seek treatment offered by the Revised National Tuberculosis Con-
trol Programme (RNTCP) or private practices. OpASHA currently serves
15 million people in 10 Indian states and 8 Cambodian provinces with a
team of 250 field workers, 150 community partners, and about 4000 vil-
lage health care workers. A biometric attendance terminal wrapped in
an Android application featuring automated cell-phone messaging to pa-
tients and digitised records is employed. Thus, OpASHA has markedly im-
proved treatment adherence with few missed doses among its patients, ul-
timately achieving similar treatment outcomes as the national TB program11.

Here, we aimed to investigate the feasibility of random glucose sampling,
as first of a two-step diagnostic approach proposed by the TANDEM con-
sortium, among this slum-residing TB patients. OpASHA initiated a pilot
intervention in its treatment centres in East, West, and South Delhi, con-
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Figure 8.1: Waffle plot showing the total yield (n = 1773) of a glucose screen-
ing among tuberculosis patients in New Delhi slums stratified by blood
glucose values. The figure shows the proportion of patients with normal
glucose values, elevated glucose values that require further testing as well
as diabetic patients defined by glucose values above 11.1 mmol/L. 95%
confidence intervals shown in brackets in %. Data analysed and visualised
with the R package waffle

Patient characteristics
Random plasma glucose

Total≤ 6.1 mmol/L >6.1 ≤ 11.1 mmol/L >11.1 mmol/L
n 1439 270 66 1773

Age (median)
27***

(IQR 21-38)
42***

(IQR 30-50)
47.5***

(IQR 42-51)
30

(IQR 22-43)
Gender (proportion)

Female 0.43ns 0.41ns 0.44ns 0.43
Male 0.56ns 0.59ns 0.56ns 0.57

Table 8.1: Descriptive statistics of screened population stratified by glucose
values. n = number; Wilcoxon Signed-Rank non-parametric test was used
for the variables Age and Gender. * = p <0.05, ** = p <0.01, *** = p <0.001,
ns = not significant; in 9 instances the glucose results were excluded due to
probably erroneous entries (>27.8 mmol/L); for 5 entries gender informa-
tion was unavailable

sisting of staff training, glucometer and test kit supply and minor infra-
structure investments to allow blood glucose testing and counselling. The
aim of the training module was to to train field workers on how to meas-
ure blood glucose and provide appropriate counselling. Glucometers were
procured from Accu-Check (Glucometers, Active Test strips and retractable
Uno Lancets; all Roche Diagnostics, Basel, Switzerland). Endocrinologists
practicing in proximity to the Delhi slum areas agreed to manage patients
diagnosed with possible diabetes. Patients who did not want to get tested
for diabetes continued to receive TB treatment and care. OpASHA obtained
permission from the National TB program (New Delhi, India) to use an-
onymised data for research and public health purposes without informed
consent.
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Between 2013 and 2015 a total of 1773 patients were screened for dia-
betes by trained OpASHA personnel and identified 336 patients with plasma
glucose >6.1 mmol/L (table 8.1, figure 8.1). Of these cases with elevated
glucose, 66 displayed levels above 11.1 mmol/L and were therefore con-
sidered as having diabetes without further testing. Age was significantly
higher in the patient group with glucose values above 6.1 but below 11.1
mmol/L with 42 years compared to 27 years in those with glucose val-
ues equal or below 6.1 mmol/L (table 8.1). Age was equally higher in
patients with glucose values above 11.1 mmol/L compared to the other
groups. Overall, more men participated in the screening, notably in the age
groups 30 to 69 years (figure 8.2A). Yet, these gender proportions did not
differ at significant levels when stratified by glucose values (table 8.1, fig-
ure 8.2B). The most common presentation was pulmonary TB (42%, 95% CI
39.7-44.3%). Of all patients, 49.8% (47.5 – 52.1%) were new cases that had
not been treated before. Re-treatment cases represented 3.8% (3 – 4.8%)
while 3.1% (2.4 – 4%) were relapses (figure 8.3 A and B). For 43% (40 –
45%) these data were not available. According to the TANDEM two-step
diagnostic algorithm, in total 336 patients would qualify for point-of-care
HbA1C testing. Among these patients, 66 (4% of total) were found to have
diabetes based on glucose levels alone. Of these 66 patients, 20 were known
diabetics and already on treatment.

Our investigation shows that random glucose sampling is feasible in
Indian urban slums upon appropriate training of staff. We found high
numbers of patients with elevated random glucose levels. However, to
accurately diagnose diabetes in this setting and to follow the TANDEM
diagnostic algorithm, local point-of-care HbA1c testing is indispensable.
Limitations of this study include challenging data collection that resulted
in missing data and incorrect glucose value entry in five cases. The volun-
tary nature of the glucose measurement could be subject to unaccounted
selection bias. It is important to provide diabetes screening to all TB pa-
tients, notably vulnerable TB patients that reside in slum conditions and
are not under treatment through a national TB program. Both national pro-
grams as well as NGOs caring for TB patients should therefore implement
routine diabetes screening using random glucose sampling as a first step
with point-of-care HbA1c as confirmation to identify undetected diabetes
cases.
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Figure 8.2: Age and glucose values by sex. A) Age distribution by sex
illustrates that more men participated in the screening, notably in the age
groups 20 - 69. B) Glucose screening results for men and women reveals no
difference in elevated glucose values for either gender. Data analysed and
visualised in R version 3.4.3 and the add-on package tidyverse.
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Figure 8.3: Glucose values by treatment group and disease location. A)
Glucose levels per treatment group categorised into new cases, relapse
cases and re-treatment cases after default. B) Glucose levels per disease
location divided into pulmonary and extra-pulmonary TB. NA = not avail-
able. Data analysed and visualised in R version 3.4.3 and the add-on pack-
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Abstract

Treatment of mycobacterial diseases such as tuberculosis (TB) entails long
and intense antimicrobial therapy. TB patients are at risk of coinfection with
other multidrug-resistant bacteria, such as those from the Enterobacteriaceae
family, because of antimicrobial selection pressure and nosocomial trans-
mission during prolonged hospital admission. Here, we report on two pa-
tients treated for multidrug-resistant TB, who developed severe sepsis due
to an extended spectrum β-lactamase producing organism. Diagnostic cul-
ture identified the venous access port as source, and upon surgical removal
and antimicrobial therapy rapid clinical improvement was achieved. In-
creased awareness and knowledge on the prevalence of multi-resistant En-
terobacteriaceae is needed, notably in TB centres, to provide a safe hospital
environment to our patients.
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9.1 Introduction

Antimicrobial drug resistance is one of today’s major concerns in health
care with multiple repercussions on the safety of the hospital environment.
Long-duration and intense antibiotic treatment disturbs the gut microbi-
ome and is a major driver of in vivo evolution of drug resistance.1,2 My-
cobacterium tuberculosis, resistant to the two first-line drugs rifampicin and
isoniazid, is defined as multidrug-resistant tuberculosis (MDR-TB) and re-
quires at least 20 months of antibiotic therapy. This lengthy treatment and
the current surge of nosocomial, extended-spectrum β-lactamase (ESBL)-
producing Enterobacteriaceae are a problematic combination.3

Here, we describe two patients who were admitted to our TB center for
management of MDR-TB and who subsequently developed bacteraemia
and sepsis due to secondary infection with an ESBL-producing organism.

9.2 Case Presentation

Patient 1

In April 2013, a 30-year-old woman from the Indian subcontinent, dia-
gnosed with pulmonary TB, was referred to our TB center because of MDR-
TB. Molecular testing had shown mutations for kat G, InhA, and rpoB. She
reported earlier treatment of lymph node TB between 2010 and 2011 in
northern India in an outpatient setting. No documents about this treat-
ment, culture results, or resistance patterns were obtainable, though she
mentioned that treatment contained rifampicin. Awaiting definite suscept-
ibility testing results, treatment with moxifloxacin, ethambutol, pyrazin-
amide, prothionamide, linezolid, and kanamycin was started and a venous
access port (VAP) was surgically established. Later, moxifloxacin, ethamb-
utol, and prothionamide were stopped as the patient complained of nausea
and vomiting; cycloserine as well as bedaquiline under compassionate use
were added to her treatment regimen. The first routine throat and rectum
cultures at admission for multi-resistant Enterobacteriaceae were negative.
After 1 month, they turned positive for ESBL- producing Escherichia coli
and in July 2013, cultures yielded ESBL-producing Klebsiella pneumoniae. In
late July 2013, the patient presented with high fever and chills. The VAP
did not appear infected, and meropenem was started with the working
diagnosis sepsis of unknown origin in a patient carrying ESBL Enterobac-
teriaceae. Blood cultures from the VAP and, upon removal, culture of the
VAP itself showed the presence of ESBL-producing K. pneumoniae confirm-
ing the diagnosis of sepsis associated with an intravascular device. She
fully recovered without further complications and without the need for in-
tensive care unit admissions.
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Patient 2

In May 2013, a 37-year-old woman originating from Eritrea was diagnosed
with TB upon positive sputum microscopy in a general hospital in The
Netherlands after 4 weeks of nocturnal cough, chest pain, and night sweats.
As molecular testing revealed MDR-TB, the patient was referred to our TB
center and first-line TB treatment was changed to ethambutol, pyrazinam-
ide, moxifloxacin, linezolid, and kanamycin. A VAP was placed to admin-
ister kanamycin. Late July 2013, the routinely performed rectum and throat
cultures revealed ESBL-producing K. pneumoniae, after two earlier negative
cultures. Shortly after, she developed chills, fever, and tachycardia without
cough or pain. Serologic testing for respiratory viruses as well as urine tests
for Legionella pneumophila and Streptococcus pneumoniae was negative. The
VAP was surgically removed, and meropenem was started. Cultures from
blood and the VAP confirmed the diagnosis of K. pneumoniae sepsis associ-
ated with the intravenous device. Within a few days, she fully recovered
and continued her TB treatment.

Written informed consent was obtained from both patients before writ-
ing this case report.

9.3 Discussion

Gram-negative Enterobacteriaceae such as K. pneumoniae are among the most
common causes of nosocomial infection.2 Infection by strains conferring
resistance to β-lactams, the antibiotics mostly used for treatment, and third-
generation cephalosporins, such as ESBL-producing bacteria results in pro-
longed hospital admission and increased costs of treatment.3 The impact on
the possible mortality of TB patients has not been assessed. A report from
South Africa shows that nosocomial infections with ESBL and methicillin-
resistant Staphylococcus aureus in TB patients contributed to increased morta-
lity.4 Especially in countries where TB is endemic, nosocomial infections
with MDR organisms have the potential to be fatal due to the absence of
routine screening and lack of effective antimicrobial agents for these high-
risk organisms.

The admission history of these two patients raises concern about the
emergence of resistant gram-negative bacteria in patients with mycobac-
terial illness. Our two patients received both up to five drugs at any point
in time during their treatment and nine different antimicrobial agents in
total, as treatment change typically follows as a response to drug susceptib-
ility test results that only become available several months after start of the
treatment. The role in selecting resistant bacteria has not been described
for all antibiotics prescribed here, yet a direct link between fluoroquino-
lone use such as moxifloxacin or ciprofloxacin and emergence of ESBL-
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producing bacteria has been shown.5 Apart from high antimicrobial pres-
sure by these antibiotics, horizontal transfer of two resistance mechanisms
coexisting on the same plasmid could explain this correlation.6 In general,
the use of antimicrobial therapy has provided continuous selection pres-
sure of drug-resistant bacteria, such as in the case of carbapenem-resistant
Enterobacteriaceae.7

Apart from selection of resistant microorganisms due to antimicrobial
pressure, these organisms can also be imported from high-prevalence areas
around the world. While the prevalence of ESBL-producing Enterobacteri-
aceae carriage among the Dutch population is low with 5.1%,8 a study re-
ports 48% prevalence in northern India, the region of origin of our first
patient.9 To determine whether the infecting strains were indeed impor-
ted or acquired in the Netherlands, typification of the isolates would be
valuable. Unfortunately, the clinical isolates of our patients were lost for
additional testing.

The prevalence of ESBL-producing organisms is monitored in our TB
center, and current policy includes routine screening on admission and
for patients with MDR-TB, monthly testing thereafter. This routinely per-
formed screening was introduced after an earlier outbreak of ESBL-produ-
cing organisms in our TB unit in 2009. With this report we alert for the
prevalence of ESBL-producing Enterobacteriaceae in hospitals and notably
TB centres during treatment of MDR-TB.
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Abstract

Stenotrophomonas maltophilia is an emerging, multidrug-resistant, opportun-
istic pathogen that is heavily shielded by diverse resistance mechanisms.
Traditional genotyping approaches and genome-based studies have yiel-
ded first insights into the population structure of the S. maltophilia complex.
Here, we extend the knowledge on this complex by inferring the popula-
tion structure from a global collection of all publicly available and more
than 1000 newly sequenced genomes. We find that the S. maltophilia com-
plex is divided into 23 clusters, where two harbour environmental strains
exclusively. Pairwise nucleotide identity comparison reveals nearly all clus-
ters to be at a distance beyond the species delimiting threshold of 95%.
Nearly all groups comprise strains of all degrees of virulence. The observa-
tion that even environmental strains are found nearby human invasive isol-
ates suggests that each group has evolved to human virulence independ-
ently. Finally, our analysis identifies potential outbreak events between ge-
netically closely related strains isolated within days or weeks in the same
hospitals. Our findings significantly amend our understanding of the vir-
ulence characteristics and revisit the population structure of the S. malto-
philia complex.
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10.1 Introduction

Stenotrophomonas maltophilia is the type species of the genus Stenotrophomo-
nas, currently comprising 18 recognised species1, and has emerged as a
leading cosmopolitan human opportunistic pathogen in debilitated or im-
munocompromised hosts. First isolated in 1943 as Bacterium bookeri, it was
later reclassified as Pseudomonas, Xanthomonas, and was finally termed Steno-
trophomonas in 19932. Listed by the World Health Organization as one
of the globally leading drug-resistant pathogens in hospitals, this gram-
negative, biofilm-forming, glucose non-fermenting bacillus is ubiquitously
found in the ecosystem and widely used in environmental remediation
and industry3,4. S. maltophilia has been isolated from soils, plant roots,
wastewater plants, lakes, rivers, and invertebrates4. Its capacity to colonise
medical devices and the respiratory epithelium in the human lung renders
S. maltophilia an important cause of nosocomial infections globally with a
significant attributable mortality rate of up to 37.5%5. Patients under im-
munosuppressive treatment and those with malignancy or pre-existing in-
flammatory lung diseases such as cystic fibrosis (CF) are at particular risk
of contracting S. maltophilia6. Infection mainly manifests as bacteraemia,
catheter-related bloodstream, or a respiratory tract infection, although al-
most any organ can be affected4. While S. maltophilia is primarily thought to
be a nosocomial pathogen, community acquired infections have also been
described7.

Treatment options are limited by intrinsic drug-resistance to a number
of antibiotic classes, comprising most β-lactam antibiotics including car-
bapenems, cephalosporins, aminoglycosides, and macrolides8. Resistance
mechanisms are reportedly attained through horizontal gene transfer in-
cluding plasmids, transposons, and integrons9. Drug resistance is likely
not solely the result of selection in the hospital setting but has been ac-
quired in non-human settings where a broad range of antibiotics are used
as a source of nutrients by bacteria10. Additionally, anthropogenic envir-
onmental contamination with antibiotics selected for bacteria harbouring
resistance-conferring genes10. The drug of choice is trimethoprim-sulfa-
methoxazole and although emerging rates of resistance are being recorded,
S. maltophilia continues to be highly susceptible11.

In the absence of a clear species delineation and the diverse ecological
and clinical phenotypes, the taxonomic position of S. maltophilia within
the genus Stenotrophomonas has been difficult to place. Previous work us-
ing both environmental and clinical samples divided Stenotrophomonas spe-
cies into two major clades12. While clade I groups environmental strains
cultured from diverse ecosystems that have not been reported as human
pathogens, clade II comprises both environmental and human opportun-
ists. Located within clade II, the term S. maltophilia complex was sugges-
ted to describe S. maltophilia sensu stricto (Smsl) strains containing the S.
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maltophilia reference strain K279a, and four reported genospecies identi-
fied by traditional typing12-14. Despite its clinical importance, knowledge
on intraspecies diversity and a clear picture of the population structure of
the human-pathogenic S. maltophilia are not available. Careful species de-
lineation to discern pathogenic from harmless strains is also warranted to
safely leverage S. maltophilia’s potential in biotechnology15.

Molecular typing methods such as amplified fragment length polymorph-
ism (AFLP) fingerprinting16, 16S ribosomal DNA sequencing17, pulsed-
field gel electrophoresis18, gyrB restriction fragment length polymorphism
(RFLP)19, and multi locus sequence typing (MLST) based on 7 housekeep-
ing genes20 documented high genetic heterogeneity of both environmental
and clinical S. maltophilia isolates. However, none of these methods have
emerged as standard for genotyping, and correlating the results between
methods is challenging21.

With the advent of next generation sequencing technology, whole gen-
ome sequencing has been introduced as a bacterial genotyping solution
with maximum resolution, and whole genome analysis has facilitated fur-
ther insights into the S. maltophilia complex12,22,23. Independent taxonogen-
omic investigations using average nucleotide identity as well as Bayes spe-
cies delimitation suggested the presence of at least 13 lineages or species-
like clusters in the S. maltophilia complex12,24. This was corroborated by a
recent effort using a threshold of 50.000 single nucleotide polymorphisms
(SNPs) that identified nine monophyletic human-associated and three ex-
clusively environmental lineages22.

While published reports do generally come to similar conclusions re-
garding population structure, there is currently no clear phylogenetic tax-
onomy of S. maltophilia or the S. maltophilia complex. This is especially
frustrating as several studies suggested a correlation between phylogenetic
clades and adaptation to human or environmental niches.

Therefore, we collected and produced whole genome data of an extens-
ive global strain collection, using genome-wide gene-by-gene analysis to
establish a comprehensive phylogeny and population structure correlated
with habitat, gene repertoire, and phenotypic traits.

10.2 Results

Isolate collection and gene-by-gene analysis

We first created a whole genome multilocus sequence typing (wgMLST)
scheme for the S. maltophilia complex that allows for standardised WGS-
based genotyping and gene-by-gene analysis of our dataset. This approach
has been widely used in tracing outbreaks and transmission events for a
variety of bacterial species25. Using 179 publicly available assembled S.
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ted to describe S. maltophilia sensu stricto (Smsl) strains containing the S.
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maltophilia reference strain K279a, and four reported genospecies identi-
fied by traditional typing12-14. Despite its clinical importance, knowledge
on intraspecies diversity and a clear picture of the population structure of
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methods is challenging21.
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frustrating as several studies suggested a correlation between phylogenetic
clades and adaptation to human or environmental niches.

Therefore, we collected and produced whole genome data of an extens-
ive global strain collection, using genome-wide gene-by-gene analysis to
establish a comprehensive phylogeny and population structure correlated
with habitat, gene repertoire, and phenotypic traits.

10.2 Results

Isolate collection and gene-by-gene analysis

We first created a whole genome multilocus sequence typing (wgMLST)
scheme for the S. maltophilia complex that allows for standardised WGS-
based genotyping and gene-by-gene analysis of our dataset. This approach
has been widely used in tracing outbreaks and transmission events for a
variety of bacterial species25. Using 179 publicly available assembled S.
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maltophilia genomes that represent the known diversity of the species, we
constructed a wgMLST scheme consisting of 17,603 loci. The scheme in-
cludes partial sequences of the seven housekeeping genes used in the tradi-
tional MLST scheme as well as the gyrB gene, ensuring backwards compat-
ibility with traditional MLST / gyrB typing methods20. Detailed informa-
tion on wgMLST scheme creation and validation are provided in the meth-
ods section and supplementary material (suppl. tables S1 - S6).

To investigate the global phylogeographic distribution of S. maltophilia,
we gathered whole genome sequence data of 2389 strains from 22 countries
representing four continents, which were either collected and sequenced
in this study or had sequence data available in public repositories. Raw
reads were assembled using the Spades tool integrated into the BioNumer-
ics software suite. Only one index isolate was kept from studies where
multiple isolates per patient had been sequenced. Quality criteria of a min-
imum coverage of 30x, number of contigs of less than 500, ambiguous base
(non-ATCG) calls, deviating genome lengths, or GC-content were applied
to ensure the robustness of the dataset. All genome assemblies of the study
collection passing quality thresholds were analysed with the newly created
wgMLST scheme using the BioNumerics software suite, discarding isolates
with less than 2,000 allele calls from further analysis.

Upon duplicate removal, filtering for sequence quality, and removal of
isolates with fewer than 2,000 allele calls, our final collection comprised
1,305 assembled genomes of mostly clinical origin (87%) with most isol-
ates coming from Germany (71% or 932 isolates), United States (7% or 92
isolates), Australia (4.2% or 56 isolates), Switzerland (3.7% or 49 isolates),
and Spain (3.2% or 42 isolates) (suppl. table S1, suppl. figure S1). The as-
semblies had a mean coverage depth of 130x (SD = 58; median 122 [IQR
92-152]), consisted of, on average, 74 contigs (mean, SD = 44; median 67
[IQR 47 – 93]), and encompassed a mean length of 4.7 million base pairs
(SD = 0,19; median 4.76 [IQR 4.64 – 4.87]) (suppl. table S2, figure 10.8 A-D).
Analysing this collection with the wgMLST scheme resulted in an average
of 4,174 (range 3,024 – 4,536) loci recovered per sample. The pan genome
encompassed 17,479 genes, with 2,844 loci (16.3%) present in 95% and 1,274
loci (7.3%) present in 99% of strains in the collection.

Phylogenetic inference of the S. maltophilia complex population
structure

To investigate the global diversity of the S. maltophilia complex, a maximum-
likelihood phylogeny was inferred from a concatenated sequence align-
ment of the 1,274 core loci present in 99% of the samples (figure 10.1). Hier-
archical bayesian analysis of population structure (BAPS), derived from
core-SNP analysis, clustered the 1,305 genomes into 23 monophyletic groups
named Sgn1-Sgn4 and Sm1-Sm18, comprising 17 previously suggested and
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maltophilia genomes that represent the known diversity of the species, we
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tional MLST scheme as well as the gyrB gene, ensuring backwards compat-
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tion on wgMLST scheme creation and validation are provided in the meth-
ods section and supplementary material (suppl. tables S1 - S6).

To investigate the global phylogeographic distribution of S. maltophilia,
we gathered whole genome sequence data of 2389 strains from 22 countries
representing four continents, which were either collected and sequenced
in this study or had sequence data available in public repositories. Raw
reads were assembled using the Spades tool integrated into the BioNumer-
ics software suite. Only one index isolate was kept from studies where
multiple isolates per patient had been sequenced. Quality criteria of a min-
imum coverage of 30x, number of contigs of less than 500, ambiguous base
(non-ATCG) calls, deviating genome lengths, or GC-content were applied
to ensure the robustness of the dataset. All genome assemblies of the study
collection passing quality thresholds were analysed with the newly created
wgMLST scheme using the BioNumerics software suite, discarding isolates
with less than 2,000 allele calls from further analysis.

Upon duplicate removal, filtering for sequence quality, and removal of
isolates with fewer than 2,000 allele calls, our final collection comprised
1,305 assembled genomes of mostly clinical origin (87%) with most isol-
ates coming from Germany (71% or 932 isolates), United States (7% or 92
isolates), Australia (4.2% or 56 isolates), Switzerland (3.7% or 49 isolates),
and Spain (3.2% or 42 isolates) (suppl. table S1, suppl. figure S1). The as-
semblies had a mean coverage depth of 130x (SD = 58; median 122 [IQR
92-152]), consisted of, on average, 74 contigs (mean, SD = 44; median 67
[IQR 47 – 93]), and encompassed a mean length of 4.7 million base pairs
(SD = 0,19; median 4.76 [IQR 4.64 – 4.87]) (suppl. table S2, figure 10.8 A-D).
Analysing this collection with the wgMLST scheme resulted in an average
of 4,174 (range 3,024 – 4,536) loci recovered per sample. The pan genome
encompassed 17,479 genes, with 2,844 loci (16.3%) present in 95% and 1,274
loci (7.3%) present in 99% of strains in the collection.

Phylogenetic inference of the S. maltophilia complex population
structure

To investigate the global diversity of the S. maltophilia complex, a maximum-
likelihood phylogeny was inferred from a concatenated sequence align-
ment of the 1,274 core loci present in 99% of the samples (figure 10.1). Hier-
archical bayesian analysis of population structure (BAPS), derived from
core-SNP analysis, clustered the 1,305 genomes into 23 monophyletic groups
named Sgn1-Sgn4 and Sm1-Sm18, comprising 17 previously suggested and
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six hitherto unknown groups (Sm13 - Sm18)12,14. In parallel to these previ-
ous reports, we see a separation between the more distantly related groups
Sgn1-Sgn4 and a cluster formed by groups Sm1-Sm18 (previously termed
S. maltophilia sensu lato) with the largest group Sm6 (also known as S. malto-
philia sensu stricto) containing most members (n = 413) as well as the clin-
ical reference strain K279a. Contrary to previous analyses, Sgn4 is the
group most distantly related to the rest of the strains12.

Remarkably, the distinction into the 23 groups is clearly supported by
an Average Nucleotide Identity (ANI) analysis (figure 10.2). Comparison
of strains belonging to the same group yielded ANI values between 95%
and 100%, above the 95% similarity cut-off value suggested for species
identification26. ANI values computed for strains of different groups res-
ulted in values below the species delimitation threshold of 95% for all but
one group, suggesting sufficient genetic heterogeneity between the detec-
ted groups to consider them species-like sublineages of the S. maltophilia
complex, in line with previous results from classical typing methods and
phylogenetic studies12,14, 22-24.

An inspection of the available completed genomes on NCBI (as of Feb-
ruary 2019) revealed that for several groups (Sgn3, Sm3, Sm2, Sm7, Sm16,
Sm9 and Sm18) no closed genomes existed. Using long-read sequencing,
we determined 12 new fully finished genomes of selected representative
strains with a mean read length of 11386 bp (SD = 1971), mean coverage
of 147 (SD = 25) and a mean genome length of 4.7 Mb (SD = 0,17) that as-
sembled into 1 contig in 10 isolates, 2 contigs and 3 contigs for each one
isolate. No plasmids were detected. A genome-wide alignment of these
genomes together with the K279a strain unveiled considerable structural
variation and large inversions (figure in preparation). Together with avail-
able finished genomes this resulted in a reference set containing in total 23
genomes spanning the known diversity of the S. maltophilia complex (loc-
ation of these genomes across the phylogeny is indicated by red and blue
dots in figure 10.4). The reference set comprises 4 environmental strains
and 19 human strains of varying virulence (human-invasive and human-
non-invasive).

Correlation of defined phylogenetic groups with habitat and ac-
cessory genome

To investigate whether the phylogenetic groups defined in our study cor-
relate with strain habitat, notably concerning human host adaptation, we
categorised the origin of isolation into three major categories. Isolates were
considered environmental (n = 117) if found in the rhizosphere and likely
unrelated to human origin. Bacteria swabbed in human vicinity (i.e. patient
room sink) or sewage were deemed derived from an anthropogenic setting
(n = 52). Human-associated isolates (n = 1010) were further subdivided into
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Figure 10.2: Pairwise Average Nucleotide Identity comparison calculated
for 1,305 S. maltophilia isolates. A) Pairwise ANI values shown on a heat-
map with blue indicating high identity and red referring to low nucleotide
identity. The heatmap shows that groups of strains are highly identical,
which correspond to the groups inferred by hierarchical bayesian clus-
tering. B) Two way histogram of between and within group ANI val-
ues shows that strains compared to strains of the same group are highly
identical at the nucleotide level with ANI values above 95% (depicted in
green). Between-group comparison (in light-brown colour) identifies low
genetic identity between strains. The currently accepted species delimita-
tion threshold at 95% is shown as a red vertical line. Distribution of ANI
values also shown as horizontal box whisker plot at the top of (B).
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three subcategories. Human-invasive (n = 133) describes isolates found in
blood, urine, drainage fluids, biopsies, or in cerebrospinal fluid. Human-
non-invasive (n = 353) refers to colonising isolates obtained from swabs
of the skin, perineum, nose, oropharynx, wounds, and intravascular cath-
eters. Human-respiratory (n = 524) includes isolates from the lower res-
piratory tract below the glottis and sputum isolates collected from cystic
fibrosis patients. For 126 isolates no information on origin of isolation were
available. Groups Sgn1, Sgn2, Sgn3, Sm11 were significantly associated
with environmental strains. Moreover, anthropogenic isolates were linked
to groups Sm11 and Sm12. Although we detected significant associations
between groups and origins, these should be interpreted with caution seen
the various group sizes and biased sampling.

To better understand which particular gene sets are characteristic for the
individual groups and isolation origin we sought to identify the unique as
well as common genes per group. When visualising intersecting loci sets
we found that isolates colonising humans (human-not-invasive), those in-
fecting humans (human-invasive), and those isolated from the lower res-
piratory tract (human-respiratory) shared more genes together than either
of these origins with environmental strains (figure 10.3A). The human-
respiratory isolates harboured most loci uniquely. To investigate the geno-
typic groups in more detail we filtered the allele matrix obtained from the
wgMLST analysis to identify unique loci per group, per origin, and the S.
maltophilia complex and S. maltophilia sensu lato isolates. Overall, 3550
genes were found exclusively in one of the groups, with 202 of these genes
present in at least 90% of all isolates of a group (suppl. table S6). Group Sm6
(963 loci), Sgn3 (727 loci), and Sm3 (257 loci) exhibited the highest number
of group-specific genes while in six groups no unique loci were found.

To obtain more insights into what genes differentiate environmental
versus human isolates we queried for unique loci in these groups. 7769 loci
were exclusively present in either of them with 6836 being human-specific
and 932 found only in environmental strains. We next queried for loci that
differentiate the S. maltophilia sensu lato clades from the S. maltophilia com-
plex which is made up of groups Sgn1 - 4. These four groups uniquely
contain 779 loci, much less than the groups Sm1 - Sm18 (9327). Gene on-
tology analysis of these loci and interpretation towards unique biological
functions per group or origin was hindered by the fact that the wgMLST
scheme contains some overlapping loci (see methods) and also the pres-
ence of genes as multiple copies in the genome.

Resistome and virulence analysis

S. maltophilia is shielded by a number of chromosomally-encoded antibiotic
resistance genes as well as expression of several types of efflux pumps27–29.
Here, we screened our isolate collection for the presence of resistance and
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Figure 10.3: Origin of isolates and their shared genes and contribution to
BAPS groups size. A) Intersection plot showing the relationship of all 1,305
S. maltophilia isolates. The set view visualizes intersections and their ag-
gregates illustrating the largest number of loci is shared by all isolates, the
second-largest group of loci is shared by the three human (invasive, non-
invasive, respiratory) origins. B) Barplot showing the number of isolates
per BAPS group coloured by origin.
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virulence genes. Up to five families of efflux pumps can be present of
which all were detectable at high frequencies in our isolate collection28. We
found resistance-nodulation-cell-division (RND) efflux pumps, responsible
for resistance to chloramphenicol, quinolones, and tetracyclines, to be ubi-
quitously present, in 99.8% of the strains (figure 10.4). Likewise, smeU2,
part of the five-gene RND efflux pump operon smeU1-V-W-U2-X was found
in almost all strains (98.2% of isolates)30. SugE, member of the small-multi-
drug-resistance (SMR) efflux pump family mediating resistance to β-lactams,
macrolides, tetracyclines and quaternary ammonium was found in all but
ten (0.8%) isolates. Another SMR type efflux pump emrE was absent in
merely 46 isolates (3.5%). Major facilitator superfamily (MSF) efflux pumps
constitute a large family of transporter proteins heavily involved in multi-
drug-resistance29. We detected the MSF efflux pump emrA in 96.4% of our
isolates. The MFS type gene floR, mediating chloramphenicol efflux, was
found in only 3 isolates. The MATE type efflux pumps are able to ex-
port xenobiotic compounds like quinolone antibiotics; norM, a MATE efflux
pump, was found in 99.7% our isolates. smrA is an ABC-type transporter
associated with resistance to quinolones and tetracyclines and was identi-
fied in 99.7% of our collection.

Aminoglycoside modifying enzymes can be acetyltransferases, nucle-
otidyltransferases or phosphotransferases31. In our analysis, we clustered
all acetyltransferases independent of their class and subclass (aac(3)-Ia, aac(3)-
IVa, aac(6’)aph(2”), aac(6’)-Iak, aac(6’)-Iz, aac(6’)) and detected 80 (6.1%) isol-
ates with such enzyme-encoding genes. Five isolates with aminoglycoside-
nucleotydyltransferases were identified, while we found 861 isolates (66%)
to encode aminoglycoside-phosphotransferases (aph(3’)-IIc, aph(3’)-XV, aph(6)).
We observed that both enzyme families were unequally distributed among
the groups which preferentially contained either of the two types. Taken to-
gether, 69% of our collection featured aminoglycoside-modifying enzymes.
Other enzymes important in aminoglycoside resistance are the proteases
encoded by clpA and htpX32. ClpA was detected in 96.9% and htpX was
found in 98.8% of our isolate collection.

β-lactams are a class of antibiotics often used in routine clinical care
as broad-spectrum agents, including penicillins, cephalosporins, and car-
bapenems. A mechanisms often employed by resistant microorganisms is
the production of carbapenemases or β-lactamases. S. maltophilia chromo-
somally encodes two β-lactamases, the metallo-β-lactamase blaL1 and the
inducible Ambler class A β-lactamase blaL233. We screened our isolate col-
lection and while blaL1 was found in 83.2% of our isolates, blaL1 was detec-
ted in only 63.2%. Interestingly, some genotypic groups were completely
devoid of blaL2. Only one isolate encoded the oxacillin hydrolizing class D
β-lactamase blaOXA.

We noted few isolates harbouring the Type B chloramphenicol-O-acetyl-
transferase CatB (0.6%). Equally, the sulfonamide resistance-conferring sul1
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Figure 10.4: Maximum-likelihood phylogenetic tree based on 1,274 core
gene sequences of 1305 S. maltophilia isolates. Legend continued on the follow-
ing page
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Figure 10.4: Cont’d:

The coloured shading of the clades represents the groups found by
bayesian clustering. 100% Branch support is indicated by grey dots. Com-
pleted genomes are indicated by blue or red dots. Group names are writ-
ten next to the clades. The leaf labels (from left to right) display the hab-
itat of the S. maltophilia isolates, where dark green refers to human, yel-
low to environmental isolates, and light green to isolates found nearby
humans, i.e. patient room sink (human environment). The second band
colours leaf labels according to detailed clinical origin (yellow for envir-
onment, light-green for anthropogenic, blue for human-invasive, dark vi-
olet for human-non-invasive, and light violet for human-respiratory). Pat-
tern of gene presence is displayed (blue coloured line) or absence (white).
The presence/absence gene matrix shows, from left to right, selected ef-
flux pump genes (all RND-type efflux pumps, smeU2, tat ACG, emrA of the
MFS family, emrA and sugE of the SMR family, norM of the MATE fam-
ily, and smrA of the ABC family), the aminoglycoside acetyltransferase aac
and phosphotransferase aph, clpA, htpX, the β-lactamases blaL1 and blaL2,
the sulfonamides sul1 and sul2, catB, and the virulence genes smoR, pilU,
stmPr1, and katA.

was seen in 17 isolates (1.3%), and sul2 was found in only 5 isolates (0.4%).
This points to low numbers of trimethoprim/sulfomethoxazol resistance
among our isolate collection which is of concern seen the limited treatment
options for S. maltophilia infection34.

We further sought to study the distribution of key virulence factors in
our collection. SmoR is involved in quorum sensing and swarming motil-
ity of S. maltophilia and was observed in 80% of our isolates35. PilU en-
codes a nucleotide-binding proteins that contribute to Type IV pilus func-
tion and ultimately impact cytotoxicity towards epithelial cells and in vivo
virulence36. 117 isolates (9%) mainly from two genotypic groups harboured
pilU. StmPr1 is the major extracellular protease of S. maltophilia involved in
virulence and is present in 99.2% of isolates37. KatA is a catalase mediating
increased levels of persistence to hydrogen peroxide-based disinfectants
and was found in 86.6% of isolates38.

To further investigate the presence absence profile of resistance and vir-
ulence genes within our 23 monophyletic groups we used Multiple Corres-
pondence Analysis (MCA). We visualised associations between 17 genes as
active variables adding clinical, geographical, and group as supplement-
ary categorical variables. The first 4 dimensions explain 39.22% of variance
while the rest is explained by individual variability (figure 10.5A). A vari-
able correlation plot (figure 10.5B) visualising the correlation of variables
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Figure 10.5: Multiple correspondence analysis (MCA) summarising the as-
sociation between the presence of antibiotic resistance and virulence genes,
origin of isolates, and bayesian grouping for the S. maltophilia isolates with
known origin (n = 1179 isolates). A) Barplot displaying the percentage of
variance explained by the respective dimensions; B) Variable correlation
plot visualising the 17 active gene variables in red and three supplement-
ary variables in blue; C) Factor individual biplot map indicating the BAPS
groups and their explained variance contained in 99% confidence intervals
(ellipses) across the first two dimensions together with five highest contrib-
uting variables in red; D) Factor individual biplot map using the sample
origin as associated variable, showing that environmental origin explains
most of the variance observed. ant = anthropogenic, env = environmental,
human-inv = human-invasive, human-ni = human-non-invasive, human-
resp = human-respiratory.
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with MCA principal dimensions, shows that the first two dimensions ex-
plain 22.7% of datasets variance. The active variables (in red) smoR, katA,
blaL2, aac as well as catB are strongly correlated with the first dimension,
while blaL1, aph, smeU2, and RND-efflux are strongly correlated with the
second (figure 10.5B). This is also shown on individual basis for each sep-
arate active variable in supplementary figure S8. The strongest correlation
of our supplementary variables was observed in both dimensions for the
group variable which would indicate that our monophyletic groups have
distinct genetic profiles (figure 10.5B). On the MCA factor individual biplot
(figure 10.5C) 99% confidence intervals of monophyletic groups are indic-
ated by using color coded ellipses to avoid overplotting by showing all
of the individuals. By also taking five variables into account which are
contributing the most to the first two dimensions it becomes evident that
the Sgn1-4 groups are strongly associated with the lack of smoR, katA, and
blaL2 genes. On the other hand Sm9, Sm6, Sm11, comprising mostly clin-
ical isolates, are strongly associated with the presence of blaL2, aph, blaL1,
smoR, and katA. When we used sample origin instead of the monophyletic
groups a clear separation of the environmental samples from the rest can
be observed (figure 10.5D). The individual active variables are plotted in
figure 10.11.

Cluster analysis

Potential transmission events of S. maltophilia isolates would have signific-
ant implications for isolation procedures of S. maltophilia - infected or col-
onised patients. We assessed our sample collection for clusters of isolates
using 50, 25, 10, and 5 mismatched alleles as threshold for relatedness. We
found 765 (59%) grouped into 83 clusters within 50 alleles difference, 624
(48%) strains group into 88 clusters with 25 alleles difference, 269 (21%) in
62 clusters within 10 alleles difference, and 156 (12%) grouped in 39 clusters
within 5 alleles (figure 10.10 for a minimum spanning network and figure
10.6). When further investigating the clusters within 5 alleles difference
a total of 59 isolates grouped into 13 clusters with a mean of 4.5 isolates
per cluster that were isolated from the same hospital in the same year. We
identified four clusters where exact isolation dates were available within 5
alleles difference that were isolated from the same source, the respiratory
tract, within few weeks of time.

10.3 Discussion

The present study sheds light on the population structure and relatedness
of the major human opportunist S. maltophilia. The S. maltophilia complex
clusters into 23 groups of which two harbour environmental strains exclus-

233 10.3. Discussion

Figure 10.6: Spatiotemporal cluster analysis of 1,305 S. maltophilia isolates.
A) The coloured ranges across the outer nodes and branches indicates the
BAPS groups. The inner ring denotes the origin of isolates. The second
ring illustrates the city of origin. The next ring refers to the year of isolation
(where available) with light colours representing earlier years and darker
brown colours more recent isolation dates. The outer rings indicate the
single linkage-derived clusters based on the number of allelic differences
between any two isolates for 50, 25, 10, and 5 allelic mismatches. Grey dots
on the nodes indicate support values of 100. B) Distribution of the number
of wgMLST allelic differences between pairs of isolates among the 1,305 S.
maltophilia isolates. The main figure shows all allelic mismatches and the
inset displays up to 200 allelic differences.
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ively. The remaining groups consist of strains that have emerged to cause
all degrees of human colonisation and infection. The S. maltophilia complex
is extraordinarily divers at the nucleotide level representing a challenge for
population wide analyses and molecular epidemiology.

Here, we have addressed these concerns by first establishing a new
genome-wide typing scheme consisting of 17603 gene targets (or loci) built
from 179 S. maltophilia genomes that represent the known population di-
versity. We propose an allele call threshold of 2000 to delineate potentially
human-pathogenic S. maltophilia strains from other Stenotrophomonas spe-
cies that may be sampled in the environment but do not colonise or in-
fect humans. This typing scheme provides a unified nomenclature to ease
global communication on S. maltophilia genotypes as well as maximum res-
olution for outbreak investigations in hospitals. Allelic data can be stored
and curated in a central database to enable international and long-term
epidemiological efforts. WgMLST allele analyses does not require expert
bioinformatics skills and can be handled on a desktop computer. Addition-
ally, the 7-gene MLST as well as the gyrB gene are assigned loci numbers in
the wgMLST enabling backwards compatibility and comparison of allele
numbers20.

Although human-to-human transmission has recently been suggested
the present study was not designed to look for putative transmission events
in hospitals22. Allelic profiles obtained by the scheme can be fed to phylo-
genetic and clustering analyses using the single-linkage or other algorithms
suited for categorical similarity matrices. SNP based approaches require a
suitable reference genome closely related to the strains analysed. For the
S. maltophilia complex, this is complicated by the considerable diversity
we found between the phylogenetic groups, together with our finding that
strains across the discovered phylogeny are able to colonise and infect hu-
mans. Therefore, SNP-based analysis might be an option to further analyse
outbreaks identified using the wgMLST scheme and employing the refer-
ence genome for the respective phylogenetic group. However, we identi-
fied a remarkable number of isolates that are closely related as measured by
a maximum of five different alleles in the pairwise comparison. Joined with
the available epidemiological information (hospital and city as well as date
when isolate was cultured), this strongly advocates a common source of in-
fection in these selected cases. Further studies looking into potential trans-
mission are warranted, as this would have major consequences on how
infection prevention and control teams deal with S. maltophilia infections.

The large and geographically diverse collection of S. maltophilia allowed
us to study the global population structure of this species. Using hierarch-
ical bayesian clustering we were able to create a revisited picture of the
phylogenetic structure of the S. maltophilia complex, including the discov-
ery of six previously unknown phylogenetic species-like clusters to amend
the groups identified earlier12,22. Previously, the S. maltophilia complex was
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divided into four genospecies (Sgn1-4) that contain no S. maltophilia isolates
and S. maltophilia sensu lato strains, of which the clinical type strain K279a
is the paradigm strains of the clade S. maltophilia sensu stricto12,28. It was
suggested that several S. maltophilia genomes in the four genospecies Sgn1-
4 were misclassified12, however our data show that notably Sgn4 harbours
a range of clinical S. maltophilia isolates while Sgn1-3 are predominantly
of environmental origin. However, none of the strains newly sequenced
within this study grouped with published Sgn1 or 2 strains. For the hu-
man isolates, year of isolation, geographic origin of isolation, and clinical
features (i.e. invasive versus non-invasive) were not specific to any of the
groups. Our observation that strains throughout all Sm clades cause hu-
man colonisation and infection at varying degrees of virulence does not
support the current paradigm where predominantly strains of the K279a-
like group Sm6 are considered most pathogenic and are therefore named S.
maltophilia sensu stricto12. We therefore propose to use the term S. maltophilia
complex for all isolates that are identified as S. maltophilia using routine dia-
gnostic procedures in hospitals and omit the use of sensu stricto or lato.

The finding that nearly all genotypic groups are represented on sev-
eral countries and continents suggests a long evolutionary trajectory of S.
maltophilia from an exclusively environmental lifestyle towards human col-
onisation and infection. Interestingly, each of the major groups harbours
at least one ascertained environmental isolate which puts a scenario for-
ward where each of the clinical isolates of the same group have evolved
from the nearest environmental strain. This encourages speculations that
the pathoadaptation of environmental isolates to human pathogenicity has
taken place independently. A recent example based on 80 Legionella spe-
cies genomes illustrated that the capacity to infect eukaryotic cells has been
acquired independently many times within the genus39. The highly mobile
genome and significant number of recombination events in the S. malto-
philia genomes are in further support of this. We sought to further un-
derstand how the genetic makeup of the groups identified in our study
contributed to virulence by investigating the function and role of group-
specific genes. Our wgMLST-based approach, however, was found to be
unsuited for such analyses since we were unable to completely rule out
overlapping loci. This rendered any interpretation of unique genes un-
workable. Nonetheless it will be a useful resource for validation and exper-
imentation for molecular biology to determine the impact on phenotype of
selected unique genes of interest that may be implicated in virulence and
pathoadaptation.

It is well established that S. maltophilia is well equipped with an arma-
mentarium of antibiotic resistance conferring mechanisms4,28. We found
several families of antibiotic efflux pumps ubiquitously present as well as
other genes implicated in aminoglycoside or fluoroquinolone resistance. In
some cases, genes were present only in some groups such in the case of the
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some cases, genes were present only in some groups such in the case of the
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β-lactamase blaL2 or the aminoglycoside acetyl- and phosphotransferases
aac and aph. The distribution of these genes was however not linked to
geographic or clinical phenotype. We found a low prevalence (1.7%) of
TMP/SMX resistance in our collection, suggesting that this drug of choice
can be safely employed unless drug susceptibility testing results tell other-
wise. However, the suggested use of this drug in other infectious diseases
such as tuberculosis may fuel resistance also in S. maltophilia40.

Limitations

Surveillance of S. maltophilia is currently not routinely performed and no
robust data on prevalence of sequence types or resistance exists. The geo-
graphic restrictions of our (prospective) sampling is biased towards the ac-
quisition of clinical / human-pathogenic S. maltophilia and sampling may
have missed less prevalent genotypes. Likewise, the inclusion of all avail-
able sequence data in public repositories renders our collection biased to-
ward the sampling strategies used in the published work. Our metadata
is incomplete owing in most cases to the limited information provided by
public repositories. Most clinical S. maltophilia strains underwent drug sus-
ceptibility testing in an automated system which however measures only
breakpoints unsuited for research use. We therefore did not include phen-
otypic data in our resistance analyses. Notwithstanding these limitations
we obtained a good representation of the international diversity of human-
pathogenic S. maltophilia isolates. More sampling needed in a structured
prospective way that is geographically diverse will be warranted to correl-
ate genotypes to origin and draw conclusions on the evolutionary success
of certain groups. Ultimately, it will be interesting to correlate genotype to
patient outcomes to identify genomic groups that are most virulent.

10.4 Material and Methods

Details on the creation and validation of a whole genome MLST scheme
can be found in the supplemental material. Due to its large size, the supple-
mental table will become available in the online preprint and publication
of this article.

Bacterial isolates and DNA isolation

All S. maltophilia strains sequenced in this study were routinely collected
in the participating hospitals and identified as S. maltophilia using MALDI
TOF MS. The isolates were grown at 37◦C or 30◦C in either lysogeny broth
(LB) or Brain Heart Infusion media. RNA-free genomic DNA was isolated
from 1-ml overnight cultures using the DNeasy Blood & Tissue Kit accord-
ing to the manufacturers instructions (Qiagen, Hilden, Germany).
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Whole genome data collection and next generation sequencing

We retrieved all Stenotrophomonas maltophilia sequence read datasets and
assembled genomes available from NCBI nucleotide databases as of April
2018, excluding next generation sequencing (NGS) data from non-Illumina
platforms (n=8), NGS data with insufficient sequence information (n=38),
and datasets from studies that exclusively described mutants (n=30). For
studies investigating serial isolates from the same patient, we chose only
representative isolates, i.e. one sample per patient was chosen from Es-
posito et al.41 and one strain of each of the four main lineages found by
Chung et al.42. In case of studies providing both NGS data and assembled
genomes, we included the NGS data in our analysis.

In addition, we sequenced the genomes of 1050 clinical and environ-
mental isolates. NGS libraries were constructed from genomic DNA using
a modified Illumina Nextera protocol43 and the Illumina NextSeq 500 plat-
form with 2x151bp runs (Illumina, San Diego, CA, United States). NGS
data was assembled de novo using SPAdes (v3.7.1) included into the Bio-
Numerics software (v7.5). We excluded assemblies with an average cov-
erage below 30x, an average quality of less than 30, number of contigs
more than 500, more than 2000 non-ACTG bases, and deviating genome
lengths (smaller 4Mb and larger than 6Mb, n = 43) or GC content (less than
63% or more than 68%), with 55 datasets completely failing assembly that
were excluded from further analysis. For the phylogenetic analysis, we fur-
ther excluded strains possessing less than 2000 genes of the whole genome
MLST scheme constructed in this study. The resulting dataset contained
1305 samples (255 from public databases). Next generation sequencing
data generated in the study is available under bioproject [to be inserted]
(supplementary table S1).

Generation of full genomes by PacBio third generation sequen-
cing

We used PacBio long-read sequencing on an RSII instrument (Pacific Bios-
ciences, Menlo Park, CA, USA) to generate fully closed reference genome
sequences for S. maltophilia strains sm454, sm-RA9, Sm53, ICU331, SKK55,
U5, PEG-141, PEG-42, PEG-173, PEG-68, PEG-305, PEG-390 representing
the diversity of our collection. SMRTbellTM template library was pre-
pared according the Procedure & Checklist - 20 kb Template Preparation
Using BluePippinTM Size- Selection System (Pacific Biosciences, Menlo
Park, CA, USA). Briefly, for preparation of 15kb libraries, 8µg genomic
DNA from S. maltophilia strains was sheared using g-tubesTM (Covaris,
Woburn, MA, USA) according to the manufacturer’s instructions. DNA
was end-repaired and ligated overnight to hairpin adapters applying com-
ponents from the DNA/Polymerase Binding Kit P6 (Pacific Biosciences,
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Menlo Park, CA, USA). BluePippinTM Size-Selection to 7000 kb was per-
formed as instructed (Sage Science, Beverly, MA, USA). Conditions for
annealing of sequencing primers and binding of polymerase to purified
SMRTbellTM template were assessed with the Calculator in RS Remote (Pa-
cific Biosciences, Menlo Park, CA, USA). SMRT sequencing was carried out
on the PacBio RSII (Pacific Biosciences, Menlo Park, CA, USA) taking one
240-minutes movie for each SMRT cell. In total 1 SMRT cell for each of
the strains was run. For each of the 12 genomes, 59,220 to 106,322 PacBio
reads with mean read lengths of 7,678 to 13,952 base pairs (bp) were as-
sembled using the RS-HGAP-Assembly.3 protocol implemented in SMRT
Portal version 2.3.044. Subsequently, Illumina reads were mapped onto the
assembled sequence contigs using BWA (version 0.7.12) to improve the se-
quence quality to 99.9999% consensus accuracy45. The assembled reads
were subsequently disassembled for removal of low-quality bases. The
contigs are then analysed for their synteny to detect overlaps between its
start of the anterior and the end of the posterior part to circularise the con-
tigs. Finally, the dnaA open reading frame is identified and shifted to the
start of the sequence. To evaluate the structural variation, genomes were
aligned using Mauve46 and the arrangement of fragments, defined by ri-
bosomal operons, were investigated using Socru47. Genome sequences are
available under bioproject number [to be inserted]; the accession numbers
can be found in supplementary table S8.

Core-loci phylogenetic inference

We characterised the core loci present in 99% of the dataset based on loci
presence, i.e. that genes received a valid allele call. Only those genes are
assigned an allele number that have valid start/stop codons and do not
exceed a defined maximum of ambiguous bases and N’s. The core loci set
amounted to 1275 loci. For phylogenetic analyses, a concatenated align-
ment of the 1275 core genes from all isolates was created and an initial
tree was built using RAxML-NG with a GTR+Gamma model and using the
site-repeat optimisation48. This alignment and tree was then fed to Clonal-
FrameML to detect any regions of recombination49. These regions were
then masked using maskrc-svg and this masked alignment was then used
to build a recombination-free phylogeny using the same approach as above
in RAxML-NG. iTOL was employed for annotating the tree50.

Group definition and average nucleotide diversity

The tree was clustered using a hierarchical Bayesian Analysis of Population
Structure (hierBAPS) model as implemented in R (rHierBAPs) using a max-
imum depth of 2 and maximum population number of 10051. FastANI52

was employed to calculate the pairwise Average Nucleotide Identity as a
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similarity matrix between all the isolates with the option ‘many-to-many’.
Similarity matrix was imported into R and used together with the group as-
signment obtained from hierBAPS to compare the ANI values in samples
within and between groups. ANI values were plotted as a heatmap of all
isolates as well as a composite histogram of identity between and within
groups. Data transformation and manipulation was done with the help of
reshape2, rcompanion and dplyr packages. The allele matrix exported from
Bionumerics was used to identify group-specific genes. The dplyr package
in R was deployed to manipulate the data and filter for genes occurring in
at least 90% of isolates of each group. Intersecting gene sets were visualised
with UpSetR53.

Resistome and virulence analysis

Resistome and virulome were characterised with abricate version 0.8.754

screened against the NCBI Bacterial Antimicrobial Resistance Reference
Gene Database (NCBI BARRGD, PRJNA3134047) and the Virulence Factors
of Pathogenic Bacteria Database (VFDB)55. All genes below 90% coverage
breadth were excluded. In addition, literature was reviewed to identify
additional genes associated with antibiotic resistance and virulence in S.
maltophilia.

Statistical analysis

All statistical analyses and data management were performed in base R
version 3.4.356 and packages included in the tidyverse57. WgMLST data
was analysed in BioNumerics v7.6.3 using the WGS and MLST plugins.
For correlation testing between variables Spearman’s rank test was em-
ployed. To test for proportions the test of unequal proportions was used
and Fisher’s exact test for sample sizes smaller than 5. Multiple corres-
pondence analysis (MCA) was performed with FactoMineR58 and its res-
ults were visualised with factoextra59 R packages.
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genomes, the supplemental tables will be accessible online with the pre-
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Supplementary table S1: Accession numbers and associated metadata for
all 1305 S. maltophilia isolates included in this study.

Supplementary table S2: Basic sequence metrics of all 1305 S. maltophilia
isolates as well as other Stenotrophomonas species included in this study.
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genomes used for creating the whole genome Multilocus Sequence Typ-
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genome Multilocus Sequence Typing scheme

Supplementary table S5: Details of the 7 classical Multilocus Sequence
Typing loci (available at https://pubmlst.org/smaltophilia/ [accessed Feb-
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Supplementary table S6: Number of wgMLST loci that were uniquely
identified the respective groups stratified by origin.
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versity of the S. maltophilia complex.
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Figure 10.8: Quality metrics upon assembly of a collection of 2389 S. malto-
philia isolates before filtering. Dashed lines indicate the quality threshold
applied in this study. Barplots showing the A) average read coverage; B)
genome lengths upon assembly; C) number of contigs; D) number of non-
ACTG bases called; E) average quality; F) GC-content; G) Scatterplot of the
number of allele calls received by the isolates versus coverage (Spearman’s
rank correlation coefficient shown on the right lower side of the figure).
H) number of loci that were called and received an allele number of the
wgMLST scheme in the respective isolates
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Figure 10.9: Characteristics of the 17603 loci (genes) of the wgMLST
scheme. A) Distribution of the wgMLST loci lengths. B) Distribution of
the number of different alleles per locus. C) Location of the wgMLST loci
(genes) that map to the clinical reference strain K279a. Coverage is depic-
ted in purple, GC content in red. Impact of locus length on allele diversity
(n = 1305 genomes). D) Scatter plot of number of alleles versus locus length
(Spearman’s rank correlation coefficient shown on the right lower side of
the figure).

247 10.6. Supplemental Information

Figure 10.10: Minimum Spanning Tree of 1305 S. maltophilia isolates used in
this study. The colours indicate the groups identified by Bayesian Analysis
of Population Structure. Logarithmic scaling.
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Figure 10.10: Minimum Spanning Tree of 1305 S. maltophilia isolates used in
this study. The colours indicate the groups identified by Bayesian Analysis
of Population Structure. Logarithmic scaling.
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Figure 10.11: Multivariate correspondence analysis (MCA) results shown
on individual basis and grouped by each of the 17 resistance or virulence
associated genes or groups of genes (RND-efflux) acting as active variables.
Presence/absence of a gene denoted in blue and red respectively.
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Summary

This thesis employs a variety of tools to generate and evaluate an innov-
ative tuberculosis (TB) vaccine candidate, to help improve the diagnostic
algorithm for multidrug-resistant (MDR-)TB, and to elucidate the global
population structure of the opportunistic pathogen S. maltophilia that can
colonise and infect the immunocompromised or hospitalised patient. In
the following section the research findings of this work are summarised
and discussed.

Part I: Vaccines

Mycobacterium tuberculosis uses sophisticated secretion systems, named
6 kDa early secretory antigenic target (ESAT6) protein family secretion (ESX)
systems, also known as type VII secretion systems, to export a set of ef-
fector proteins that help the pathogen to resist or evade the host immune
response. Since the discovery of the esx loci during the M. tuberculosis
H37Rv genome project, structural biology, cell biology and evolutionary
analyses have advanced our knowledge of the function of these systems.
After a general introduction to this thesis in Chapter 1, Chapter 2 high-
lights the intriguing roles that these studies have revealed for ESX systems
in bacterial survival and pathogenicity during infection with M. tubercu-
losis. Furthermore, the diversity of ESX systems that has been described
among mycobacteria and selected non-mycobacterial species is discussed.
Special focus is dedicated to how ESX biology can be leveraged to generate
improved vaccines or drugs to treat TB.

Recent insights into the mechanisms by which M. tuberculosis is recog-
nised by cytosolic nucleotide sensors have opened new avenues for ra-
tional vaccine design. A feature of BCG, the only licensed TB vaccine, is
the partial deletion of the ESX-1 secretion system, which governs phago-
somal rupture and cytosolic pattern recognition. These key intracellular
phenotypes are linked to increased immune signalling. In Chapter 3, we
hypothesised that an ESX-competent BCG vaccine strain may provide en-
hanced efficacy against TB infection. To this end, we heterologously ex-
pressed the esx-1 region of Mycobacterium marinum in BCG. This yielded
a low-virulence, ESX-1-proficient, recombinant BCG (BCG::ESX-1 Mmar)
that induces the cGas/STING/TBK1/IRF-3/type I interferon axis and en-
hances AIM2 and NLRP3 inflammasome activity. Ultimately, this resulted
in both higher proportions of CD8+ T cell effectors against mycobacterial
antigens shared with BCG and poly-functional CD4+ Th1 cells specific to
ESX-1 antigens. Importantly, independent mouse vaccination experiments
show that BCG::ESX-1 Mmar confers superior protection relative to par-

251

ental BCG against challenges with virulent Beijing genotype M. tuberculosis
strains.

Of several proposed modalities, TB vaccines administered in therapeutic
manner represent a promising alternative to prophylactic vaccination, des-
pite their controversial history due to the occurrence of exacerbated im-
mune responses. A modified concept of immunotherapy is required to jus-
tify further exploration. To follow this concept, we systematically reviewed
the most advanced therapeutic vaccines for TB, as presented in Chapter 4
. We address the rationale of immunotherapeutic vaccination combined
with optimised pharmacotherapy in active TB. We summarise preclinical
and patient data regarding the five most advanced therapeutic vaccines
currently in the pipeline. Of the five therapeutic vaccine candidates that
have been tested in animal models and in humans during active or latent
TB, the quality of the published clinical trials of two of these vaccines, M.
vaccae and RUTI R© vaccine, justify further studies in patients with active TB.
This systematic review highlights the necessity further clinical evaluation
eventually including head-to-head comparative studies. Chapter 5 holds a
clinical trial protocol for one of these advanced therapeutic vaccine candid-
ates, RUTI R©. By closely defining how optimised pharmacotherapy is as-
sessed to reduce the risk of an exacerbated immune response, we propose
a phase II trial in MDR-TB patients to evaluate the safety of therapeutic
vaccination after four (Cohort A) or three (Cohort B) months of treatment.
While approval was granted by the authorities in The Netherlands in 2017,
ethical clearance in the partner country is underway to soon begin recruit-
ment.

Part II: Drug-resistance

The second part of this thesis is centred around drug-resistance. The
implementation of next generation sequencing techniques in TB research
has enabled timely, cost-effective, and comprehensive insights into the ge-
netic repertoire of M. tuberculosis. The increasing ability to link sequence
data to resistance phenotypes invokes the concept of precision treatment
for TB, where therapy is targeted precisely to susceptibility of the patho-
gen. Chapter 6 provides a snapshot of how pathogen genome-based treat-
ment design is currently feasible in resource-rich TB treatment facilities.
For example, the potential of sequence data to infer detailed epidemiolo-
gical insights based on genomic distance of the M. tuberculosis strains un-
der investigation, e.g. for tracing outbreaks and how this can accelerate dia-
gnostics by predicting drug resistance from a mutation catalogue. We argue
that in the absence of horizontal gene transfer, its slow mutation rate, and
its highly clonal population structure, M. tuberculosis infection is the ideal
arena to pioneer pathogen-genome guided treatment decisions. Although
implementation of personalised TB therapy may seem difficult under pro-
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grammatic conditions, genome-based resistance and outcome prediction
are likely to become feasible for this purpose in the near future. We con-
clude that this will ideally be implemented with additional aspects of per-
sonalised therapy such as therapeutic drug monitoring, use of reliable bio-
markers for diagnosis and treatment monitoring and insights on the phylo-
genetic lineage of the infecting M. tuberculosis complex strain, coupled with
their virulence and transmission properties.

Phenotypic drug susceptibility testing for the two front-line TB drugs
Ethambutol and Pyrazinamide yields unreliable and inaccurate results. In
Chapter 7, we evaluate a clinical recommendation based on a diagnostic
algorithm combining phenotypic susceptibility testing with sequence data
obtained from Sanger sequencing. Sequencing results were validated by
performing whole genome sequencing (WGS) on all isolates. Resistance-
conferring mutations obtained by pncA sequencing correlated with pheno-
typic susceptibility results for Pyrazinamide. In contrast, phenotypic resist-
ance to Ethambutol was only partly explained by mutations in the embB 306
codon. Additional resistance conferring mutations were found by sequen-
cing the embB gene up to codon 479. Further, resistance associated muta-
tions were identified in Ethambutol phenotypically sensitive strains. Thus,
we suggest that Sanger sequencing together with phenotypic drug suscept-
ibility testing should be employed to ensure reliable Ethambutol drug sus-
ceptibility testing enabling clinicians to decide whether they would include
Ethambutol as part of a TB regimen or not.

Part III: Comorbidities

Part III focuses on comorbidities that are associated with TB or along
the treatment of TB that is long and intense in both antimicrobial ther-
apy and hospitalisation. Type 2 diabetes is one example of a disease that
commonly co-occurs with TB. Indeed, changes in the cellular immune re-
sponse and immunometabolism are thought to be responsible for the three-
fold increased risk of diabetics to develop active TB. Therefore, WHO re-
commends bi-directional screening of TB patients for diabetes and vice-
versa. In Chapter 8 we collaborated with an Indian non-governmental-
organization (NGO), Operation ASHA, that serves TB patients in urban
slums in New Delhi. Following a recent recommendation to diagnose dia-
betes among TB patients through a two-step combination of random gluc-
ose testing with point-of-care HbA1C we aimed to evaluate this algorithm
among a difficult-to-reach population. We found that among the 1773 screen-
ed patients, 19% had random glucose plasma values above 6.1 mmol/L and
would need further HbA1C testing according to the two-step diagnostic al-
gorithm which however is not routinely available locally. We conclude that
random glucose testing is feasible in this patient population and needs to be
extended with point-of-care HbA1C testing to reliably diagnose diabetes.
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TB patients are at risk of coinfection with other multi drug-resistant
bacteria, such as those from the Enterobacteriaceae family or other gram-
negatives, because of antimicrobial selection pressure and nosocomial trans-
mission. In Chapter 9, we report on two patients treated for MDR-TB,
whose treatment was complicated by severe sepsis due infection with an
extended spectrum β-lactamase producing organism. During the diagnostic
work-up, the venous access port was identified as the source of infection,
and upon surgical removal and antimicrobial therapy rapid clinical im-
provement was achieved. This report highlights the inherent risks of pro-
longed parenteral drug treatment and hospitalisation for MDR-TB.

The final Chapter 10 is dedicated to the emerging opportunistic patho-
gen Stenotrophomonas maltophilia. Affecting mostly immunosuppressed pa-
tients or those with pre-existing inflammatory conditions such as cystic
fibrosis, this MDR pathogen commonly emanates from patients under multi-
drug antimicrobial regimens. By conducting the largest genomic study
to date of the genus Stenotrophomonas, we show that S. maltophilia groups
into 23 species-like clusters. All but three of these clades harbour isolates
that have infected humans at varying degrees of virulence, and almost all
groups also comprise environmental samples. This alludes to an insidi-
ous process whereby the groups have independently evolved and patho-
adapted to cause both infection and colonisation of the human host.
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Discussion

Sky draped in gray (...) nature
despairing, leaves falling on all
sides like the lost illusions of
youth under the tears of
incurable grief (...) The fir tree,
alone in its vigor, green, stoical
in the midst of this universal
tuberculosis.

Henri Amiel, 1852

The year 2019 marks 137 years past the discovery of M. tuberculosis
as etiologic agent of tuberculosis (TB), 98 years since Bacillus-Calmette-
Guérin was first given to a child, and 74 years after the demonstration
of Streptomycin, the first tuberculocidal drug. In 2019, global TB elimin-
ation is far from reach1. No other single infectious disease has created as
much suffering and informed as many fantasies like tuberculosis (TB). Be-
ing framed as a romantic and lyrical death by contemporary writers and
poets throughout the 19th and 20th century, it reflects the helplessness of
society in face of the misery caused by this disease. For the Swiss philo-
sopher and writer Henri Amiel, TB even emerged as synonym for melan-
choly and desolation, as the rhetoric in his Journal intime intimates. For
Amiel, “universal tuberculosis” refers to a desperate nature symbolised by
grey sky, misty mountains, falling leaves, and “lost illusions (...) under the
tears of incurable grief”2. This metaphoric storytelling of TB percolated far
into the first half of the last century and leaves us wondering how such
terrible disease could be glamorised so grotesquely3.

“We should not close our eyes to the fact that the fight against tubercu-
losis needs quite considerable financial resources. Basically it is only
a question of money.”4

Robert Koch made this infamous statement during his Nobel lecture
in 1905. With the availability of effective antimicrobial therapy half-way
through the last century, TB was lost in oblivion, and so was the funding
for the fight against TB5. The current costs of TB globally are estimated
at US$21 billion annually through losses in productivity, deaths, and in-
vestment in diagnostics, and treatment6. Only in the past 20 years, with
the public health community increasingly recognising the threats of drug-
resistant TB and HIV-coinfection did the funding pattern change5,7,8. New
financing entities in public health like the Bill and Melinda Gates Founda-
tion emerged and not-for-profit organisations like the Tuberculosis Vaccine

255

Initiative (TBVI) or Aeras arose to facilitate research and discovery of new
TB vaccines. As a result of these efforts, 14 vaccine candidates currently
fill the M. tuberculosis vaccine development pipeline6. While most candid-
ates are in preclinical or early clinical evaluation, one candidate has entered
phase 3 testing and three candidates are in late phase 2 testing. The WHO
has released preferred product characteristics of a new TB vaccine9. A new
vaccine should manifest 50% or greater efficacy in preventing confirmed
pulmonary TB, provide ten years or more of protection and come along
with a validated correlate of protection. Are these features reasonable in
light of our current understanding of TB vaccine immunology, and also
considering that US$1,25 billion is required to support six critical TB vac-
cine development objectives cited by the Global Plan to End TB 2016-2020?6

It remains irrefutable that an efficient vaccine would be one of the most
cost-effective measures to control TB10. Vaccination of infants at risk or liv-
ing in high-incidence settings with BCG is one of the key components of
WHOs End TB strategy11. Several BCG vaccine sub-strains are available
globally and although unquestionably safe after several billions of doses
administered, its efficacy remains debated12. It seems that the level of
protection conferred by BCG differs between studies and populations ana-
lysed; a systematic review of randomised controlled trials on BCG found
that absence of prior exposure to M. tuberculosis or environmental myco-
bacteria to be associated with enhanced protection13. Among vaccinated
neonates, protection against pulmonary TB was 59% and among children
BCG protected at a level of 74%. Another study systematically reviewed
and analysed available data on the time span of BCG-mediated protection14.
Here, while one study showed no protection at all, efficacy ranged from
44% to 99% in 11 studies investigated with evidence that protection can last
up to 10 years. The authors confirmed that protection varies across popula-
tions to a degree that cannot be attributed to chance alone. Recently, char-
acterisation of the T-cell populations present in BCG-vaccinated children
demonstrated waning central memory immunity over time, which may
support BCG booster vaccinations15. Measuring prevention of infection
by interferon-γ release assay conversion rather than prevention of disease
is an alternative approach to evaluate vaccine efficacy. Roy and colleagues
found 18% efficacy of BCG compared to unvaccinated controls in prevent-
ing infection in vaccinated children through analysis of 14 studies16. Pre-
vious epidemiological analyses suggest that latent infection with M. tuber-
culosis itself is protective of progression to disease17. By reviewing 23 pro-
spective cohort studies of people exposed to TB - prior to the rollout of
preventative treatment for latent TB - it is estimated that individuals with
latent TB have a 79% reduced risk of disease. The hypothesis that a primed
immune response can protect against TB disease was recently corroborated
using a cynomolgus macaques infection model18. The primary infection M.
tuberculosis strain was marked with a unique DNA identifier for differen-
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tiation from the rechallenge strain. Primary or latent infection was found
to significantly reduce granuloma formation and reduce bacillary growth
of the M. tuberculosis challenge strain. Interestingly, primary infection with
TB was found to provide more protection than an experimental vaccine
candidate (protein-boosted BCG vaccine). Apart from primary infection,
a role of the host microbiota in early protection against infection with M.
tuberculosis has been suggested19. Microbial dysbiosis induced by a com-
bination of wide-spectrum antibiotics contributed to lung colonisation by
M. tuberculosis.

A number of novel vaccine candidates have emerged in recent years.
The MVA85A trial was the first large randomised efficacy trial of a vaccine
other than BCG and certainly is a landmark study in the field20. MVA85A, a
modified Vaccinia Ankara virus expressing the important immuno-dominant
M. tuberculosis antigen 85A, was given to nearly 3000 previously BCG--
vaccinated infants. Although its immunogenicity in various preclinical
models had been ascertained, MVA85A did not show any efficacy in re-
ducing TB incidence during the follow-up period of that study20,21. This
finding prominently subverted the paradigm of T-cell mediated immuno-
genicity, for long perceived as prerequisite of TB vaccine efficacy, as valid
correlate of protection. The TB vaccine community has learnt much from
this trial and many follow-up papers and subsequent analysis provided
useful insights into correlates of vaccine-mediated protection22. However,
the development of this vaccine candidate also left a bitter taste as the study
team was accused of selective use of animal data to gain funding and ap-
proval for clinical trials23. Specifically, the study team was charged with
holding back data from a rhesus macaque study, where MVA85A vaccin-
ated animals reached the humane endpoint as rapidly as non-vaccinated
controls24. Three separate panels investigated these complaints and did
not find any scientific or academic misconduct25. Notwithstanding, this
debate underlines the importance of open data sharing and good scientific
practice.

Few years after the MVA85A trial, the second large phase 2 trial of a TB
vaccine candidate was reported26. In this prevention-of-infection trial, 990
healthy, BCG-vaccinated, interferon-γ release assay negative adolescents
were randomised to receive either placebo, H4:IC31 or BCG. H4:IC31 is a
subunit vaccine composed of the two mycobacterial antigens Ag85B and
TB10.4 adjuvanted with IC31. It has shown promising immunogenicity
and safety data throughout its developmental process27,28. Neither BCG
nor the Sanofi-Pasteur-licensed H4:IC31 candidate vaccine were able to
prevent infection with M. tuberculosis, as measured by interferon-γ release
assay conversion. However, BCG averted sustained interferon-γ release
assay conversion with an efficacy of 45.4% compared to 30.5% (H4:IC31),
highlighting that BCG revaccination could help prevent sustained infection
in high-transmission settings. A game-changing discovery was made by
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the M72/ASO1E candidate vaccine study team29. This adjuvanted Glaxo-
SmithKline-licensed subunit vaccine harbours two M. tuberculosis antigens
(Mtb32A and Mtb39A) coupled to the ASO1E adjuvant. Of note, Mtb39A,
or PPE18, is a substrate of the ESX-5 secretion system, as discussed below.
In a randomised, prevention-of-disease trial of nearly 3300 participants in
11 trial sites across the African subcontinent with two years follow-up,
M72/ASO1E displayed 54% (95% CI 2.9 - 78.2) efficacy in protecting in-
dividuals against active TB. Its large confidence interval is partly due to
the number of incident TB cases after 2.3 years of follow up - 10 cases of
active TB in the vaccine group versus 22 cases in the placebo group. Des-
pite the irrefutable contribution to the vaccine field of this first, effective
vaccine candidate it raises the question why no BCG-control arm was in-
cluded. The sheer quantity of participants needed to consummate mean-
ingful numbers of TB cases to answer the primary endpoint is reflective of
the huge financial investment required for advanced clinical testing.

This work contributes a new TB vaccine candidate to the preclinical de-
velopmental portfolio. BCG::ESX-1 Mmar is a recombinant BCG Pasteur
strain that has integrated a large genomic region spanning the esx-1 locus
of M. marinum (Chapter 3). In the past years, several exciting new insights
have emerged on ESX secretion systems and their roles in immunogeni-
city, virulence, and treatment. ESX systems are dedicated to the export
of low molecular weight proteins, discussed at length in Chapter 2. The
rationale behind our vaccine candidate is the substantial role of ESX-1 in
the intracellular life cycle of M. tuberculosis, and the subsequent effects it
potentially exerts in the vaccine context. M. tuberculosis strains devoid of
ESX-1 exhibit reduced growth in macrophages and loss of virulence30, and
the absence of ESX-1 in M. bovis BCG explains much of its attenuation31.
In line with a previous attempt to create ESX-1 competent recombinant
BCG, the addition of this secretion system has profound effects on the in-
tracellular behaviour of the vaccine candidate and impacts both host in-
nate and adaptive immunity32. ESX-1 mediates perforation of the phago-
somal membrane to activate different pathways of innate immunity via the
DNA sensors cyclic GMP-AMP synthase (cGAS) and interferon-inducible-
protein-AIM233,34. Using a human monocytic cell line knocked-out for
cGAS we could show that BCG::ESX-1 Mmar, but not BCG control, interacts
with this receptor. As a result, we were able to detect increased inflamma-
some activation as well as type I interferons as quantified by IFN-β, which
was absent in cells infected with ESX-1 deficient strains. Moreover, our vac-
cine candidate BCG::ESX-1 Mmar was able to leave the phagosome as eval-
uated by a fluorescence resonance energy transfer assay coupled to flow
cytometry35. The use of a panel of ESX-substrate-specific T-cell hybrido-
mas linked to fluorescent reporters provided convincing evidence that se-
cretion of ESX substrates is a prerequisite for immunogenicity36. This sup-
ports our interpretation where we linked the observed phenotype of our
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vaccine candidate to the secretion of ESX-1 substrates. Apart from its bio-
logical functions in the macrophage, another interesting role for ESX-1 has
recently been described. Using zebrafish larvae and M. marinum as model
strain, ESX-1 was shown to be essential in mycobacterial crossing of the
blood-brain-barrier through infecting endothelial cells37.

The other ESX system heavily involved in immunogenicity and vir-
ulence of TB is ESX-5. This most recently evolved ESX cluster is responsible
for the export of an abundance of highly polymorphic PE/PPE proteins as
well as the permeability of the mycobacterial outer membrane38,39. These
unique gene families make up around 8% of the M. tuberculosis genome
and are thought to modulate innate immune responses through interac-
tion with toll-like receptors as well as antigenic processing40,41. A cent-
ral role in PE/PPE secretion is taken by ESX-5-secreted PPE38 (Rv2352c),
located in the Region of Difference 5 (RD5) which is absent inM. bovisand
M. bovis BCG42,43. Mutations in this gene were found to abrogate secre-
tion of PE/PPE proteins, a reversible phenotype. Strikingly, ppe38 dele-
tion variants were identified among clinical hypervirulent M. tuberculosis
strains, alluding to a scenario where natural ppe38-deletion mutants are
more successful in causing TB disease, and thereby transmission42. Thus,
apart from its substantial involvement in mycobacterial virulence, ESX-5
also seems to impact virulence. This equally suggests a role for leveraging
ESX-5 biology in vaccines. Since both ppe38 and ESX-5 are necessary for
export of PE/PPE’s, most of these ESX-5 substrates are not secreted by M.
bovis BCG, a natural RD5 mutant and therefore devoid of ppe3842,44. By
genetically complementing BCG with the ppe38 locus Ates and colleagues
demonstrated that neither protective ability against TB challenge nor anti-
genic repertoire were influenced, thereby questioning PE/PPE’s role in vir-
ulence and protective immunity in this model43. In line with this, the vac-
cine candidate strain ∆ppe25-pe19, devoid of all ESX-5-associated pe and
ppe genes, was shown to be highly attenuated45. Reversely, flow cytometry
studies have revealed a protective potential of PE/PPE-specific CD4+ T-
cells against TB challenge46. Another vaccine candidate exploiting the im-
munogenic properties of the PE/PPE family is the adjuvanted single re-
combinant fusion protein ID93 that consolidates four M. tuberculosis anti-
gens including PPE42 (Rv2608)47. In light of the recent findings and the
unclear biological role of PE/PPE’s beyond being immunogenic, however,
use of PE/PPE’s in vaccines should be carefully assessed. Taken together,
manipulating and leveraging ESX-1 or ESX-5 should be addressed in future
TB research. Indeed, the first inhibitors of the major ESX-1 substrate esxA
(or ESAT-6) have been identified by exploiting a fibroblast survival assay48.
The essential nature of both the ESX-3 and ESX-5 systems for the survival
of M. tuberculosis49,50 suggests that Type VII secretion inhibitors could be
promising targets for the development of new classes of TB treatment. An
intriguing speculation would ultimately be the generation of compounds
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able to block multiple ESX systems at the same time thereby subverting
M. tuberculosis virulence and survival, while decreasing the possibilities for
antimicrobial resistance to develop.

Next to prophylactic or boost vaccines, as all of the candidates dis-
cussed before, therapeutic vaccines present an alternative approach. Given
in combination with effective antimicrobial therapy during treatment, the
rationale lies within the generation of pathogen-directed adaptive immune
responses elicited by the therapeutic vaccine51. In Chapter 4, RUTI R© thera-
peutic vaccine was identified as one of the most advanced therapeutic vac-
cine candidates. RUTI R© consists of heat-killed and fragmented M. tubercu-
losis cells grown under stress conditions with the aim to stimulate expres-
sion of proteins present during persistence; thereby mimicking the meta-
bolic state the bacilli are in during treatment52. It has been tested in various
animal models, two in-human trials and exerts strong T-cell responses53-56.
Efficacy in reducing bacillary load in different vaccination context has been
proven in a diverse range of mouse strains55 and guinea-pigs57. A phase II
multi-centre trial in Groningen, Netherlands and several sites in Ukraine
was designed (Chapter 5) to vaccinate 27 pulmonary MDR-TB patients
with RUTI R© after four months of effective chemotherapy as verified by ra-
diological, clinical, and microbiological readouts (ClinicalTrials.gov Identi-
fier NCT02711735). The high mortality rate among MDR-TB patients led us
to select this study population as efficacy signals would be noted most rap-
idly in this setting58. The primary endpoint of this study is safety as eval-
uated by physical examination, recorded adverse events, routine laborat-
ory, and chest radiography. It is instrumental to ensure beneficial response
to antimicrobial therapy to reduce the risk of an exacerbated immune re-
sponse to a minimum. The secondary endpoints are immunogenicity eval-
uation by measuring interferon-γ release in response to a panel of selected
antigens as well as the summative ability of peripheral blood mononuc-
lear cells isolated from patients and controls to hold mycobacterial growth
in check (also known as Mycobacterial Growth Inhibition Assays)59. After
approval by the central Dutch ethics committee on May 1st, 2017, ethical
approval is now underway in Ukraine so that recruitment can start in due
time.

MDR-TB continues its global emergence that caused an estimated 558,000
infections resistant to at least rifampicin in 2017 alone60. Of these infect-
ing isolates, 82% were truly MDR with concomitant resistance to Isoniazid.
About 18% of previously treated TB cases were MDR globally. In coun-
tries of the former Soviet Union, relapsed TB cases (i.e., having received
treatment before) were the majority (>50%) MDR60. This development is
daunting and worrisome alike. Resistances will continue to emerge to any
drugs used as part of treatment regimens, as exemplified by bedaquiline
or delamanid, two drugs only recently approved for MDR-TB treatment, to
which resistance has been described shortly following their introduction61,62.
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Genomics has helped understand the differing capacity of lineages to cause
infection and spread resistance63 while the favourable role of compensat-
ory mutations in transmission success and higher rates of drug-resistance
have recently been elucidated64. A far-reaching finding, however, materi-
alised through the analysis of genotype-phenotype correlations of a data-
set of more than 10,000 M .tuberculosis isolates65. In this study, conducted
by the CRyPTIC Consortium, susceptibility to isoniazid, rifampin, etham-
butol, and pyrazinamide was correctly predicted with 99%, 98.8%, 93.6%,
and 96.8% specificity, respectively. In line with these results, a diagnostic
scenario emerges where phenotypic drug susceptibility testing is no longer
required for genetically pan-susceptible clinical M. tuberculosis isolates, as
the genotype is able to accurately predict the phenotypic sensitivity. Eng-
land has introduced population level WGS surveillance of M. tuberculosis
and will thereby be the first to evaluate genotype-only susceptibility testing
for first-line drugs on a large population-based scale66. In the meantime,
contrary to the excellent susceptibility-predicting specificities for rifampin
and isoniazid by the CRyPTIC consortium, challenges remain in drug sus-
ceptibility testing for other drugs, notably for Ethambutol65,67. Here, an in-
accurate current critical concentration splitting the upper end of the wild-
type distribution is one of the explanations accounting for poor reprodu-
cibility of Ethambutol phenotypic resistance testing68. While an improved
diagnostic algorithm combining phenotypic and genotypic tests, as pro-
posed in this thesis (Chapter 7), might alleviate inconsistent phenotypic
susceptibility tests, the ultimate aim is to completely replace phenotypic
testing by genetics. In such framework, mycobacterial DNA directly se-
quenced from sputum samples will provide full insights into the resistome
of the infecting strain69,70. A prerequisite is a comprehensive list of canon-
ical resistance-conferring mutations; their presence should reliably predict
phenotypic resistance with high sensitivity, and their absence should be
highly specific for phenotypic susceptibility71. This enables the design of
individualised regimens specific to the resistance pattern of the infecting
strain, as summarised in Chapter 6. First evidence suggests that MDR-TB
drug regimens based on molecular versus phenotypic drug susceptibility
testing are accurate72. Together, these innovative approaches around mo-
lecular resistance prediction herald a new era in the diagnosis as well as
personalised treatment of MDR-TB that will contribute to reducing treat-
ment failure and ongoing transmission. However, while genome-based
treatment design will soon be feasible in resource rich, low-incidence coun-
tries, its true success will be measured by how successfully this can be im-
plemented in settings where TB is most prevalent.

In Chapter 8, two hospitalised MDR-TB patients are described who
suffered from blood stream infection with multidrug-resistant gram neg-
ative pathogens. Antimicrobial resistance is a massive problem with yet
unforeseeable repercussions for the decades to come. Data obtained by the
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European Antimicrobial Resistance Surveillance Network quantified the
threat posed by antibiotic-resistant bacteria to countries of the European
Union73. In 2015, nearly 430,000 infections with resistant bacteria were
noted in the health care sector accounting for some 33,000 attributable deaths
and some 870,000 disability adjusted life years73. Such comprehensive ana-
lysis hopefully creates the urgency needed for improved control and pre-
vention of this enormous public health threat, as new tools become avail-
able to better visualise and interpret data relevant to antimicrobial steward-
ship74. Intriguingly, the burden of antimicrobial resistance of the pathogens
investigated by Cassini and colleagues is similar to that influenza, TB, and
HIV combined73. This underlines the significance of resistant TB as public
health problem, even more so with MDR-TB being rarely discussed out-
side the TB-field as it affects resource-rich countries only moderately (with
the exception of countries of the former Soviet Union), in contrast to the
emerging and daunting threat imposed by antimicrobial resistance of other
bacterial pathogens.

Only few microorganisms are as heavily equipped with antimicrobial
resistance mechanisms as S. maltophilia75. This opportunistic pathogen has
emerged globally as a multidrug-resistant threat to the immunocomprom-
ised patient population, including patients with pre-existing inflammatory
conditions such as cystic fibrosis. Listed as a WHO priority pathogen, its
panoply of resistance and virulence determinants is reason for concern76.
Intrinsically unaffected by a wide range of antibiotics including carbapenems,
cephalosporins, aminoglycosides, and macrolides, S. maltophilia is often se-
lected during routine antimicrobial therapy in hospitals77. S. maltophilia
can cause a variety of infections, from skin colonisation to invasive blood
stream infection77. Although surveillance data are not routinely collected,
S. maltophilia has been found to be among the top four pathogens linked to
intra-abdominal infections in the Asia-Pacific region78 and among the top
10 causes of pneumonia in Latin America79. It is unclear whether S. malto-
philia is seen among TB patients; 16S rRNA amplification of patient sputum
revealed the presence of S. maltophilia in the lung microbiome of pulmonary
TB patients while none were found in healthy controls80. Trimethoprim-
/sulfamethoxazole (SXT) currently is the front-line drug for S. maltophilia75.
SXT has also been proposed as add-on agent in the treatment of MDR-
TB81,82. Despite small numbers of SXT-resistance today, increasing use of
SXT for other infections including MDR-TB would likely fuel more SXT-
resistance among S. maltophilia83. The case of SXT being used for two MDR
pathogens, M. tuberculosis and S. maltophilia, illustrates that no single dis-
ease can be considered individually as its own entity in prevention and
treatment. TB is a paradigm example of a disease that is very entangled
with other conditions; these include a variety of risk factors but also a list
of side-effects that occur during lengthy treatment, notably for MDR-TB.
We therefore need to stop conceiving TB as its own, delimited disease and
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start respecting the interconnectedness of different bacterial pathogens and
comorbidities. The example of SXT in MDR-TB and S. maltophilia illustrates
how treatment for one disease may impact another.

Non-communicable diseases like diabetes have increasingly been re-
cognised as important risk factors for TB and poor treatment outcomes.
Diabetes patients are at three-fold increased risk to develop active TB84.
Moreover, the epidemiology of type 2 diabetes is likely to change for the
worse in years to come: prevalence of diabetes has risen from 108 million in
1980 to 422 million in 2014 globally85. The underlying mechanisms are not
yet entirely understood. Systems-immunology approaches have revealed a
higher proportion of neutrophils and inflammation markers in TB patients
with diabetes86. Diabetic patients display worse TB treatment outcomes
and are increasingly affected by drug-resistant strains87. Pharmacokinet-
ics of TB drugs is likely different compared to non-diabetic TB patients88.
Therefore, WHO recommends bi-directional screening for all patients with
TB and diabetes and vice versa89. A simplified, point-of-care diagnostic al-
gorithm as proposed by the TANDEM consortium90 and partly evaluated
in Chapter 9, will help identify missed diabetes cases among TB patients.

Outlook

The title of this academic thesis refers to three major challenges hamper-
ing elimination of TB. These challenges are first, the lack of an effective
vaccine as discussed; second, the continuing emergence of drug-resistance;
and third, the accompanying comorbidities that are associated with TB or
its lengthy treatment. There has never been a better time to improve all as-
pects of prevention, diagnostics, and treatment of TB through joint efforts
in policy making, public health, and research. Since the discovery of its
etiologic agent, M. tuberculosis, TB likely has never had as much public at-
tention as today. The past decades after the emergence of MDR-TB and the
rise of TB-HIV co-infection have dragged TB out of oblivion. This fame-
less publicity has resulted in a United Nations General Assembly High-
Level meeting (UNHLM) on TB held on September 26th, 201891. Since its
inception, UN has held only 4 such High-Level meetings on health (two
on HIV/AIDS, one on non-communicable diseases and one on ebola), il-
lustrating the political significance of such meeting. This reflects that TB
is now back on the highest global health agendas, the place it intelligibly
deserves as one of the oldest and deadliest killers around the world. How-
ever, time will show how this will translate into action. Ministers of the
G20 have declared that developing interventions against TB, including vac-
cines, represents a global health priority92. The resolution adopted during
the UNHLM by the general assembly contains a strong political declaration
and commitment to bold actions to reduce TB-related mortality91. The Sus-
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tainable Development Goal 3 calls to end TB by 2030 and the WHO End TB
strategy aims at reducing the number of TB deaths by 95% by 203511. An
updated “Roadmap towards ending TB in children and adolescents” ad-
dresses the specific challenges of this vulnerable population that have for
too long been neglected93. The rhetoric of these document titles conveys a
spirit of optimism in that ending TB in the coming two decades is feasible.
While this prospect is tempting we ought not lose sight of the many chal-
lenges that remain. In his Nobel lecture, Robert Koch neither discussed his
discovery of M. tuberculosis or his experimental treatments with tuberculin
at length4. Instead, he stressed the role of public health measures and re-
duction of poverty in controlling TB through joint efforts of basic research
with practical approaches.
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Nederlandse Samenvatting

Tuberculose is de dodelijkste van alle infectieziekten en wordt veroorzaakt
door Mycobacterium tuberculosis. Vermoedelijk heeft deze mycobacterie
zich al tienduizenden jaren samen met de moderne mens ontwikkeld – het
micro-organisme heeft dus een succesvolle co-evolutie met Homo sapiens
doorgemaakt.

Hedendaagse schattingen zijn dat iets minder dan 25% van de wereld-
bevolking de mycobacterie in een slapende vorm bij zich draagt. Bij ongeveer
5-10% van deze mensen ontstaat op enig moment actieve tuberculose, bij-
voorbeeld door een verzwakt immuunsysteem, bij ondervoeding en bij
HIV-infectie. Wereldwijd zijn er jaarlijks naar schatting ongeveer 10 mil-
joen nieuwe patiënten, waarvan er ongeveer 1,5 miljoen jaarlijks overlijden
door tuberculose (dat is ruim 4000 mensen per dag). Sommige landen,
zoals India en Zuid-Afrika maar ook Indonesië hebben een groot tuber-
culoseprobleem. Tuberculose kan besmettelijk zijn en wordt overgebracht
door het verspreiden van M. tuberculosis door hoesten en niezen. De meest
voorkomende vorm is longtuberculose, maar de ziekte kan echter overal
in het lichaam voorkomen. Tuberculose kan met medicijnen goed behan-
deld worden maar als er sprake is van ongevoeligheid voor belangrijke
middelen wordt de behandeling aanzienlijk gecompliceerder. Het enige
beschikbare vaccin tegen tuberculose, M. bovis BCG (Bacille Calmette Guérin),
dateert uit 1921. BCG biedt nauwelijks bescherming tegen longtuberculose
bij volwassenen en heeft de enorme toename van multiresistente tubercu-
lose niet kunnen voorkomen of zelfs maar kunnen afzwakken. Terwijl de
genetische codes van M. bovis BCG en M. tuberculosis sterk overeenkomen
(meer dan 99% identieke basevolgorde) ontbreekt in BCG een belangrijk se-
cretiesysteem dat belangrijke virulentiefactoren (ziekte-veroorzakende com-
ponenten) exporteert naar de ruimte buiten de bacteriecel.

In dit proefschrift maken we gebruik van een aantal hulpmiddelen om
een innovatief tuberculose kandidaat-vaccin te ontwikkelen en om het dia-
gnostisch algoritme voor multiresistente tuberculose te helpen verbeteren.
Verder ontrafelen we de algemene populatiestructuur van het opportun-
istische pathogeen Stenotrophomonas maltophilia. Vooral patiënten die afweer-
stoornissen hebben, of die opgenomen zijn in het ziekenhuis, of mensen
met bronchiëctasieën – uitstulpingen in de luchtwegen waarin zich steeds
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nieuwe infecties voordoen, wat weer een nasleep kan zijn van tuberculose,
kunnen last krijgen van deze bacterie S. maltophilia.

Hoofdstuk 1 is een algemene inleiding over het onderwerp tubercu-
lose. Daaropvolgend gaat het eerste gedeelte van dit proefschrift over vac-
cins tegen tuberculose. M. tuberculosis maakt gebruik van geavanceerde
uitscheidingssystemen om een aantal belangrijke effector-eiwitten te ex-
porteren. Deze helpen de mycobacterie om zich tegen het afweersysteem
van de gastheer te verzetten of te ontwijken. Sinds de ontdekking van de
DNA-volgorde van de tuberkelbacil is bekend dat M. tuberculosis over een
bijzonder secretiesysteem beschikt, ook wel genoemd, Type VII Secretion
System, waarvan het ESX-1 systeem de meest bekende vertegenwoordiger
is. In de afgelopen jaren hebben structurele biologie, celbiologie en evolu-
tionaire analyses onze kennis van de functie van deze systemen vergroot.
In hoofdstuk 2 bespreken we studies over de ESX-systemen, en de rol die
die systemen spelen met name bij bacteriële overleving en bij processen
die een rol spelen bij het binnendringen in de gastheercellen tijdens in-
fectie met M. tuberculosis. Verder wordt de diversiteit van ESX-systemen be-
sproken van mycobacteriën en enkele niet-mycobacteriële bacteriesoorten.
We beschrijven verder hoe ESX-biologie gebruikt kan worden om verbe-
terde vaccins of geneesmiddelen voor de behandeling van tuberculose te
ontwikkelen.

Hoofdstuk 3 sluit hier ook bij aan; we beschrijven hier een nieuw tuber-
culosevaccin dat van de voordelen van een functionerend ESX-systeem
gebruik maakt. Recente inzichten in de mechanismen waardoor M. tuber-
culosis wordt herkend door in de cel aanwezige sensoren die bestanddelen
van de genetische code uit de celkern herkennen hebben nieuwe wegen
geopend voor het ontwerpen van nieuwe vaccins. Een kenmerk van BCG,
het enige tuberculosevaccin dat nu op de markt is, is de gedeeltelijke uitscha-
keling van het ESX-1-uitscheidingssysteem. Dit heeft tot gevolg dat er geen
verbreking plaatsvindt van het fagosoom, het celorganel dat zorgt voor
het opruimen van opgenomen ziektekiemen en dat er vervolgens minder
patroonherkenning van ziektekiemen plaatsvindt in de cel. Deze belan-
grijkste in het cytoplasma gelegen sensoren zijn gekoppeld aan verhoogde
signalering voor de afweerreactie. In dit hoofdstuk beschrijven we ons ver-
moeden dat een ESX-competente BCG-vaccinstam verbeterde bescherming
tegen tuberculose kan bieden. Hiertoe brachten we het esx-1-gebied van
de aanverwante Mycobacterium marinum in BCG tot expressie. Dit leverde
een laag-virulente (weinig ziekmakende), ESX-1-bevattende, recombinant
BCG (BCG::ESX-1 Mmar) op dat de cGas / STING / TBK1 / IRF-3 / type
I-interferon-as induceert en verhoogde inflammasoom activiteit laat zien:
kortom, een verbeterd BCG met verbeterde immuunreactie van afweercel-
len en signaaleiwitten bij de gastheer. Uiteindelijk resulteerde dit in zowel
hogere verhoudingen van CD8+ T-cellen en polyfunctionele CD4+ T-cellen
specifiek voor ESX-1-antigenen. Belangrijk is tevens dat onafhankelijke
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vaccinexperimenten met muizen aantonen dat BCG::ESX-1 Mmar betere
bescherming biedt ten opzichte van het oorspronkelijke BCG tegen infectie
met M. tuberculosis.

Therapeutische vaccinatie is een nieuwe en veelbelovende manier om
tuberculose vaccinatie te gebruiken tijdens de behandeling. Het optre-
den van verergerde immuunreacties bij tuberculose-patiënten die in het
verleden met een vaccin werden behandeld maakt dat het toepassen van
vaccins als onderdeel van de behandeling nog wel omstreden is. Wij stellen
een gewijzigd concept van immunotherapie voor om een verdere verken-
ning van dit wat omstreden onderwerp te rechtvaardigen. In hoofdstuk
4 beschrijven we systematisch de therapeutische vaccins die tegen tuber-
culose zijn ontwikkeld en al in een eerste fase klinisch getest zijn. We be-
spreken de mogelijke plaats van immunotherapeutische vaccinatie in com-
binatie met geoptimaliseerde farmacotherapie bij actieve tuberculose. Van
de vijf producten die zijn getest in zowel diermodellen als ook bij mensen
tijdens actieve of latente tuberculose is verder onderzoek gerechtvaardigd
voor twee van deze producten, M. vaccae en RUTI R©-vaccin, op basis van de
kwaliteit van de klinische rapporten. In ons systematische review benad-
rukken wij dat verdere klinische evaluatie nodig is, eventueel met inbegrip
van vergelijkende studies met meerdere kandidaat vaccins. Hoofdstuk 5
bevat een klinisch onderzoeksprotocol voor een van deze geavanceerde
therapeutische vaccin kandidaten, RUTI R©. Door nauwkeurige definitie
van geoptimaliseerde farmacotherapie om het risico op een verergerde im-
muunrespons te verminderen, stellen we een fase II-studie voor bij patiënten
met multiresistente tuberculose om de veiligheid van therapeutische vac-
cinatie na vier (Cohort A) of drie (Cohort B) maanden te evalueren. Hoewel
in 2017 ethische goedkeuring in Nederland werd verkregen voor dit on-
derzoek, is het onderzoek nog niet goed op gang gekomen, mede door
moeilijkheden bij het opbouwen van onderzoekscapaciteit en het verkrij-
gen van ethische goedkeuring in het partnerland.

Het tweede deel van dit proefschrift gaat over resistentie van de tuber-
culosebacterie tegen geneesmiddelen. De implementatie van Next-genera-
tion-sequencing in tuberculoseonderzoek heeft ons inzicht in het genet-
ische repertoire en DNA-volgorde van M. tuberculosis enorm doen toene-
men. Het lukt steeds beter om de DNA-volgorde te koppelen aan een bio-
logisch fenotype – de klassieke manier om met kweekproeven de gevoe-
ligheid van tuberkelbacteriën te testen. Daarmee ontstaat een mogelijkheid
om iedere patiënt een op maat gesneden therapie aan te bieden: het concept
van gepersonaliseerde tuberculosetherapie, waarbij de gebruikte medicijnen
precies op het gevoeligheidspatroon van de ziekteverwekker gericht zijn.
Hoofdstuk 6 geeft een beeld van hoe het behandelschema op basis van het
erfelijk materiaal van de ziekteverwekker momenteel haalbaar is, ten min-
ste in tuberculose behandelcentra met voldoende (financiële) mogelijkheden.
De genetische informatie van de ziekteverwekker geeft gedetailleerd in-
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zicht in de verspreiding in de menselijke populatie - over hoe de bacterie
zich onder de bevolking heeft verspreid. Op basis van de afstand van
kenmerkende base-paren in het DNA van de M. tuberculosis-stammen die
worden onderzocht, kan een bepaalde uitbraak van tuberculose worden
bestudeerd. M. tuberculosis deelt zich betrekkelijk langzaam, en het optre-
den van geneesmiddel-resistente mutanten verloopt volgens een trage wet-
matigheid. Bij tuberculose ontstaat geneesmiddelresistentie alleen door
spontane mutatie – niet, zoals bij sommige andere bacteriën, door uitwis-
seling van genetisch materiaal – de zogenaamde horizontale genoverdracht.
Tuberculose biedt daarom de unieke kans om te onderzoeken in hoeverre
op basis van genoom van de bacterie beslissingen over behandeling kunnen
worden genomen. Als dit werkt kan dit de diagnostiek enorm versnel-
len, door resistentie tegen geneesmiddelen te voorspellen op basis van een
mutatiecatalogus waarvan we met grote zekerheid weten dat deze zich ver-
taalt in resistentie. Hoewel de implementatie van gepersonaliseerde ther-
apie onder gewone omstandigheden tegenwoordig nog moeilijk lijkt, zul-
len resistentievoorspellingen op basis van analyse van het gehele genoom
in de nabije toekomst waarschijnlijk haalbaar worden. We concluderen dat
dit idealiter met aanvullende aspecten van gepersonaliseerde therapie uit-
gevoerd zou moeten worden, zoals metingen van blootstelling aan het gen-
eesmiddel door het meten van geneesmiddelconcentraties - zogenaamde
‘therapeutische geneesmiddel-monitoring’ en gebruik makend van (nog
niet ontwikkelde) betrouwbare biomarkers voor diagnose en behandeling.

Fenotypische (d.w.z., op kweek gebaseerde bepaling van) gevoeligheid
van geneesmiddelen voor de twee eerstelijns tuberculosegeneesmiddelen
ethambutol en pyrazinamide levert onbetrouwbare en onnauwkeurige res-
ultaten op. In hoofdstuk 7 evalueren we een klinische aanbeveling op basis
van een diagnostisch algoritme dat fenotypische gevoeligheidstests com-
bineert met genetische sequentiegegevens verkregen uit Sanger-sequencing.
Resistentie-bepalende mutaties verkregen door pncA-sequencing correleer-
den met fenotypische gevoeligheidsresultaten voor pyrazinamide. Daaren-
tegen werd fenotypische resistentie tegen ethambutol slechts gedeeltelijk
verklaard door mutaties in het embB 306-codon. Extra resistentie-veroor-
zakende mutaties werden gevonden door de base-volgorde te bepalen van
het embB-gen tot codon 479. Verder werden resistentie-geassocieerde mutaties
geı̈dentificeerd in fenotypisch ethambutol-gevoelige stammen. Daarom ad-
viseren we dat Sanger-sequencing samen met fenotypische geneesmiddel-
gevoeligheidstests moet worden toegepast om betrouwbare gevoeligheidsres-
ultaten bij ethambutol te verkrijgen, waardoor artsen beter kunnen beslis-
sen of zij ethambutol als onderdeel van een tuberculose-regime opnemen
of niet.

Deel drie richt zich op bijkomende ziektes die geassocieerd zijn met
tuberculose of het behandelingstraject dat lang en intensief is zowel qua
antimicrobiële therapie als vaak ook door langdurige ziekenhuisopname.
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Type 2-diabetes is een voorbeeld van een ziekte die vaak samen voorkomt
met tuberculose. Daarom beveelt de Wereldgezondheidsorganisatie aan
om tuberculosepatiënten te screenen op diabetes en omgekeerd ook bij dia-
betes patiënten vaker te denken aan tuberculose. In hoofdstuk 8 hebben
we samengewerkt met een Indiase niet-overheidsorganisatie, Operation
ASHA, die zorgt voor tuberculosepatiënten in de sloppenwijken in New
Delhi. Naar aanleiding van een recente aanbeveling om bij tuberculosep-
atiënten te onderzoeken of ze ook lijden aan diabetes via een combinatie
van een eenmalige bloedsuikercontrole met de bepaling van HbA1c, een
maat voor bloedsuikers over de afgelopen tijd, wilden we dit algoritme
evalueren bij deze moeilijk bereikbare populatie. We ontdekten dat 19%
van de 1773 eenmalig met een bloedsuikerbepaling gescreende patiënten
op het moment van testen een glucosewaarde boven de 6,1 mmol / L had-
den en dat verdere HbA1c testen nodig zouden zijn volgens het nieuwe
combinatie test-algoritme. De HbA1c bepaling is echter niet routinematig
lokaal beschikbaar. We concluderen dat willekeurige bloedsuikerbepaling
mogelijk is in deze patiëntenpopulatie en uitgebreid zou moeten worden
met een HbA1c test om op een betrouwbare wijze de diagnose diabetes te
stellen.

Tuberculosepatiënten hebben een verhoogde kans op co-infectie met
andere multiresistente bacteriën, zoals die uit de familie Enterobacteriaceae
of andere gram-negatieve bacteriën, vanwege antimicrobiële druk waar-
door reeds aanwezige resistente bacteriën zich ongebreideld kunnen ver-
menigvuldigen en een probleem kunnen veroorzaken; en ook door over-
dracht binnen het ziekenhuis van zulke resistente bacteriën van de ene
naar de andere patiënt. In hoofdstuk 9 bespreken we twee patiënten die
werden behandeld voor multiresistente tuberculose. De behandeling werd
gecompliceerd door ernstige sepsis (bloedvergiftiging) als gevolg van in-
fectie met een uiterst resistente bacterie: ‘extended-spectrum β-lactamase-
producerende gram-negatieve bacterie’ of ESBL. Tijdens de diagnostische
fase werd de veneuze toegangspoort geı̈dentificeerd als de bron van in-
fectie en na chirurgische verwijdering en antimicrobiële therapie werd een
snelle klinische verbetering bereikt. Deze casuı̈stiekbeschrijving illustreert
de risico’s van langdurige medicamenteuze behandeling via het infuus, en
risicovolle langdurige ziekenhuisopnames die nodig zijn om multiresist-
ente tuberculose te genezen.

Het laatste hoofdstuk 10 is gewijd aan de opkomende opportunistische
bacteriële ziekteverwekker Stenotrophomonas maltophilia. Deze multiresist-
ente ziekteverwekker komt meestal voor bij patiënten met gestoorde afweer,
patiënten met reeds bestaande reumatische of aangeboren ontstekingsziek-
ten zoals cystische fibrose (taaislijmziekte) of bij patiënten die meerdere
geneesmiddelen gebruiken. Door de grootste genetische studie tot nu toe
van de bacteriesoort Stenotrophomonas uit te voeren, laten we zien dat
S. maltophilia kan worden ingedeeld in 23 genetische clusters. Op drie na
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om tuberculosepatiënten te screenen op diabetes en omgekeerd ook bij dia-
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bevatten al deze groepen bacteriën die mensen hebben geı̈nfecteerd met
variërende graden van ernst en aanvalskracht (virulentie) en bijna alle groepen
omvatten ook isolaten uit de niet-levende omgeving (environment). Dit
wijst op een evolutionair proces waarbij de groepen onafhankelijk van elkaar
zijn geëvolueerd en aangepast zijn aan de mens om zowel infectie als ko-
lonisatie van de menselijke gastheer te veroorzaken.

Toekomstperspectieven

De titel van dit academische proefschrift verwijst naar drie grote uitdagin-
gen die de eliminatie van tuberculose op dit moment verhinderen. Deze
uitdagingen zijn ten eerste, het ontbreken van een effectief vaccin; ten tweede,
de voortdurende en verdere toename van resistentie tegen eerste en tweede-
lijns tuberculosemedicijnen; en ten derde, de begeleidende ziekteprocessen
en infecties die geassocieerd zijn met tuberculose of de langdurige behan-
deling daarvan. Dit is het moment om alle aspecten van preventie, dia-
gnostiek en behandeling van tuberculose te verbeteren door gezamenlijke
inspanningen op het gebied van volksgezondheid en onderzoek. Sinds de
ontdekking van de oorzaak van tuberculose, M. tuberculosis, heeft tubercu-
lose waarschijnlijk nog nooit zoveel publieke aandacht gehad als vandaag.
In de afgelopen decennia is tuberculose uit de vergetelheid gebracht, vooral
door de uitbraak van multiresistente tuberculose en de opkomst van co-
infectie met HIV. Deze publiciteit heeft geresulteerd in een United Nations
High Level Meeting (UNHLM) over tuberculose op 26 september 2018. De
politieke betekenis van zo’n bijeenkomst is enorm; sinds haar oprichting
heeft de UN slechts enkele van dergelijke bijeenkomsten over gezondheid
gehouden. Dit wijst erop dat tuberculose nu terug is op de “public health
agenda”, de plaats die het begrijpelijkerwijs verdient als een van de oudste
en dodelijkste infectieziekten ter wereld. De tijd moet leren hoe dit zich zal
vertalen in actie.
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