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INTRODUCTION

1. Introduction

Mycobacterium tuberculosis (M. tuberculosis) is an aerobic, obligate intracellular,
non-motile, non-capsulated, non-spore forming pathogen which causes tuberculosis
in humans and several animal species.

The genus Mycobacterium consists of more than 100 species which belong to the
family of Mycobacteriaceae. Strains causing tuberculosis are summarised in the
Mycobacterium tuberculosis complex (MTBC) namely M. tuberculosis, M. africanum,
M. bovis, M. microti, M. pinnipedii and M. caprae. All other species which cause
pulmonary disease or lymphadenitis, skin disease, soft tissue disease or
disseminating diseases are classified as Nontuberculous mycobacteria (NTM), also
known as environmental or atypical mycobacteria. Although members of MTBC are
distinguished by phenotypic characteristics and mammalian host ranges they all
share a remarkable genetic homogeneity, with about 0.01% to 0.03% synonymous
nucleotide variation [1-4] without showing significant traces of genetic exchange
among them [2, 5]. It is therefore believed, that all members of the MTBC are
descendants of a precursor strain that occurred 20,000 to 35,000 years ago [4, 6].
Findings dating back to early history support the suggestion that bovine and human
tuberculosis evolved in a kind of co-evolution with humankind rather than a direct
transmission from bovines to human beings. Using archaeological specimens from
human beings, Spigelman and colleagues [7] first discovered ancient DNA from
M. tuberculosis and other members of the MTBC by amplifying the highly conserved
insertion sequence 1S6110 by polymerase chain reaction. This method helped to
detect tuberculosis DNA [8] from bones of a long extinct bison from North America
(17,000 years before present) whereas the first domestication of cattle occurred
around 7000 years BC. Evidence of M. tuberculosis was also found in up to 1400
years old human bones from all over the world (Europe, Turkey and Borneo) [9].
Medieval Europe suffered heavily under epidemic plagues like pestilence and
cholera, whereas tuberculosis played only a minor role because of the sparsely
populated cities. This changed in modern times, where the rapidly increasing
urbanisation led to rising incidence rates. In the second half of the 19" century more
than 100,000 people died of tuberculosis in the German Reich.

In 1882 Robert Koch discovered M. tuberculosis as the causative agent of
tuberculosis. For this discovery he was awarded the 1905 Nobel Prize in Physiology

or Medicine.
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At this time members of the MTBC complex were responsible for about 6% of deaths
in Europe. The introduction of milk pasteurisation and the development of the vaccine
strain Bacille Calmette-Guérin (BCG) helped reducing the incidence rates. In its time
tuberculosis had a strong influence on the socioeconomic change. In the 18" and
19" century tuberculosis was known as “the romantic affliction”, at the end of the 19™
and early 20™ century as “ailment of the proletariat”, in National Socialism time as
“antisocial ailment” and in the 1970s as “defeated ailment”. Nevertheless tuberculosis
IS on the march.

In 1993, due to the worldwide high death rate and morbidity, tuberculosis was
declared as a global emergency by World Health Organisation (WHO). Despite all the
efforts the incident cases of tuberculosis worldwide rose to 9.4 million in 2009 — more
than ever before in history [10]. Nearly one third of the human population is latently
infected with M. tuberculosis. About 10% of latently infected individuals are at risk of
developing an active disease during their lifetime. In the case of a co-infection with
Human immunodeficiency virus (HIV) the risk increases whereas the manifestations
are much more severe, characterised by frequent extrapulmonary and miliary
disease, and high mortality rates [11]. About 80% of the infected individuals are living
in only 22 countries; mostly in China, South Africa, Nigeria, and Indonesia (Figure 1).
Due to the rapidly increasing world population it can be assumed that the incident
cases of tuberculosis will rise in the same extent. Another growing problem is the
co-infection with HIV. In 2010 about 12% (1.1 million cases) of the worldwide
tuberculosis cases were HIV-associated [10]. Countries from the sub-Saharan Africa
region and Southeast Asia are particularly affected (Figure 2). In countries with high
HIV prevalence the incident cases of tuberculosis have more than tripled [12].

Today there are seven vaccine strains, all of them derivates of the BCG strain, which
was originally isolated from a cow infected with tuberculosis. This M. bovis strain was
cultivated over a period of 13 years where it lost most of its virulence but retained
strong enough immunogenicity to be used as a vaccine. Since 1921 an estimated
one billion children were vaccinated with this live vaccine. In young children the
estimated protective efficacy rates are very high when it comes to prevention of

tuberculous meningitis or miliary tuberculosis [13].
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A BCG vaccination grants 50% protection against tuberculosis [14]. Sometimes older
children and adults develop no protective immune response from vaccination as
shown in India from 1968 to 1971 [15].

Albeit tuberculosis can be cured by chemotherapy, the treatment lasts between six to
nine months it is very expensive and requires the use of four different antibiotics.
Especially in the world’s poorest countries non-compliance of medication remains
one of the major obstacles for an efficient treatment and is held responsible for the
emergence of multidrug resistant (MDR) and extensively drug-resistant tuberculosis
(XDR) [16]. The lack of cheap diagnostic tests, lack of effective vaccine and badly
equipped health systems in developing countries make it difficult to control
tuberculosis effectively. It is therefore not surprising tuberculosis remains the most
dangerous bacterial pathogen worldwide despite all efforts to eradicate it.

1.1 Pathogenesis

Tuberculosis is a notifiable contagious disease which is normally transmitted by
droplet infection and very rarely by smear infection or ingestion. Coughing patients,
infected with M. tuberculosis, exhale droplets of respiratory secretions containing
three to ten tubercle bacilli [17]. These bacteria remain viable over a longer period of
time even though their surrounding confronts them with different stress situations like
a drop in temperature, nutrient deficiency and a changed oxygen tension. After
inhaling these droplets the bacilli reach the lung. Upon contact with mannose
receptor [18], DC-specific C-type lectin DC-SIGN [19], and complement receptors
[20] on the cell surface of alveolar macrophages and dendritic cells the bacilli are
phagocytosed and trapped within phagosomes. Internalization is followed by
phagolysosome fusion and maturation whereupon the bacteria come into contact
with lytic enzymes, oxygenated lipids, fatty acids, and reactive oxygen and nitrogen
intermediates [21].

The binding to Toll-like receptors also triggers a cascade of down-stream signalling
pathways which are responsible for the release of immune modulatory cytokines (see
section 1.2.1). These cytokines activate the cells and mechanisms of the non-specific
immune system which is responsible for recognising and responding to pathogens in

a general way without conferring a long lasting protective immunity to the host.
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In the course of evolution M. tuberculosis developed a number of strategies which
enables them to survive in phagosomes. Preventing the phagolysosome fusion
[22-24] is only one strategy.

Other strategies are the triggering of anti-inflammatory responses, blocking reactive
oxygen intermediates, reactive nitrogen intermediate production and reducing the
acidification of the M. tuberculosis-containing phagosome [25]. These serious
interventions on key functions of alveolar macrophages enable M. tuberculosis to
persist and multiply in the early phagosome. Sooner or later infected macrophages
disrupt and attract blood monocytes and dendritic cells to the infection site. Arriving
monocytes differentiate into macrophages which again ingest mycobacteria without
destroying them completely. By presenting mycobacterial antigens and expression of
costimulatory signals and cytokines more and more blood-derived macrophages
accumulate around the infection site without causing severe tissue damage. Despite
the influx of macrophages the bacteria continue to multiply. Activated dendritic cells
migrate to the draining lymph nodes where they stimulate naive T cells. Two to three
weeks after the infection took place T cell immunity develops. Arriving
antigen-specific T lymphocytes proliferate within the early lesions and start secreting
IFN-y. Macrophages, activated by IFN-y, continue with their phagosomal maturation
[26] and start killing intracellular bacteria [27].

In the meantime, infected macrophages surrounded by recruited mononuclear cells
have formed a histological structure known as granuloma, consisting mainly of
monocytes, lymphocytes and fibroblasts [28, 29]. When the early lesions calcify the
bacteria are trapped inside the granulomas. With the loss of their ability to invade
surrounding tissue the bacteria become dormant. Approximately 90% of infected
individuals remain asymptomatic for years or decades.

Latently infected hosts have a lifetime chance of 5% to 10% that the bacteria get
reactivated, causing a progressive tuberculosis. Reasons are manifold and may have
something to do with changes in host cytokine/chemokine networks, genetic or
environmental causes or failure to develop and maintain immune signals. Even stress
or old age seems to be associated with reactivation [30]. In opposition to the primary
infection the reactivation features granuloma failure, lung caviation and pulmonary
disease [31-33].
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1.2 The central role of alveolar macrophages

Alveolar macrophages belong to the unspecific, innate immune system. Their primary
role is to detect and destroy pathogens like M. tuberculosis that have penetrated the
alveoli deep in the lung. Identification of pathogens like M. tuberculosis takes place
via Toll-like receptors (TLR). Eleven members of the Toll-like receptor family have
been identified in the human genome. Mainly TLR2 in combination with TLR1/TLR6
or TLR4 [34, 35] seem responsibly for recognising mycobacterial components like the
soluble tuberculosis factor (STF) [36] or the 19-kDa lipoprotein from M. tuberculosis
[37].

As soon as there is direct contact between TLR on the cell surface of macrophages
and mycobacterial components like lipopolysaccharide (LPS), the pathogens are first
phagocytosed and then killed or at least limited in their dissemination. To this end
macrophages have several effective mechanisms at their disposal. A) Following
phagocytosis macrophages kill the bacteria by phagolysosome fusion whereupon the
bacteria come into contact with lytic enzymes, acid and reactive oxygen and nitrogen
intermediates [21]. B) The production of nitric oxide triggers apoptosis [38]. C)
Secreted cytokines stimulate other cells of the innate immune system, triggering an
inflammatory response and activating cells of the adaptive immune system, which
confers a long lasting protective immunity, and D) by granuloma formation [39]. For
this reason alveolar macrophages play a pivotal role when it comes to combating,
controlling and eliminating M. tuberculosis. Following is a short overview of some of
the induced immunologic relevant factors which are important for elimination and

containment of M. tuberculosis.

1.2.1 Cytokines, mediators of the innate and adaptive immune system

Cytokines are messengers of the immune system and as such an important
component of both the unspecific and the adaptive immune system. Immediately
after contact with foreign pathogens monocytes, macrophages, granulocytes and
natural killer cells induce the production of cytokines, long before cytotoxic T cells or
antibodies are in place. Acting as a link between the innate and adaptive immune
system, cytokines control the interaction of the immunological effector systems with

the objective of promoting a powerful immune response against pathogens.
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Cytokines unfold their biological activity after binding to specific receptors on the cell
surface of their target cells. Here they induce a signal cascade which at the end
results in a specific effect. Without these chemical mediators the innate and adaptive
immune response would not be able to control or eliminate pathogens.

Cytokines are small, non-structural proteins with molecular weights of up to 40-kDa
without a consistent amino sequence motif or three-dimensional structure. Due to
their biological activities they can be divided by their role in infection and/or
inflammation. Cytokines promoting inflammation are called pro-inflammatory
cytokines (e.g. interleukin-1B, interferon-y, tumor necrosis factor-a), whereas
cytokines which block the signal cascade are called anti-inflammatory cytokines
(e.g. interleukin-10). Chemokines like interleukin-8 are differrent from the above
mentioned cytokines because they attract other immune cells by chemotaxis so that
they accumulate around the source of chemokine production. In this manner they
promote the passage of circulating leucocytes into the tissues.

The outcome of an infection depends on the sum of various factors influencing each
other. Disturbances of the balance of this highly complex and intricate network of
cytokines and effector cells by genetic, environmental, or microbial elements might
have harmful consequences [40, 41]. Natural selection has generated pathogens
with the ability to alter the cytokine synthesis, degrade pro-inflammatory cytokines or
use cytokine receptors as portals of entry for cellular invasion [42].

In the case of M. tuberculosis it is known that phagocytosed bacteria reside in the
phagosomal compartment of alveolar macrophages where the proteins have ready
access to the major histocompatibility complex (MHC) class Il processing and
presentation machinery [43]. The macrophages get activated and start secreting
cytokines further stimulating the complex interacting machinery of the host immune
system. It is assumed that the inflammatory response is essential for granuloma
formation and long term survival of M. tuberculosis [44]. Factors like TNF, IFN-y,
IL-12, reactive oxygen (ROIs) and nitrogen intermediates (RNIs) are important for the

maintenance of the granuloma structure [45].
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1.2.1.1 Interleukin-1 beta (IL-1B8)

IL-18 is mainly produced by monocytes/macrophages [46], and dendritic cells [47]
after the recognition of mycobacterial lipoproteins which are potent activators of the
TLR2 [48, 49]. TLR activation leads to an increased production of the precursor
molecule pro-IL-18 which co-localizes in the cytosol with pro-caspase-1 [50]. A
protein complex termed “IL-1B inflammasome” [51] converts the inactive
procaspase-1 in active caspase-1, which in turn is responsible for the activation of
IL-1B8. The active form of IL-1B is secreted into the extracellular environment and
known to be an important first line defence against microbes [52] since it promotes

phagosome maturation.

1.2.1.2 Interferon-gamma (IFN-y)

IFN-y belongs to the pro-inflammatory cytokines. It is synthesised by T lymphocytes
and natural killer (NK) cells [53, 54] and in this regard responsible for the activation of
macrophages which in turn produce inflammatory cytokines. Furthermore activated
macrophages show a higher expression of cytokine/chemokine receptors and MHC-I
and Il molecules on their cell surface, enhancing macrophage antigen presentation to
T cells [53]. IFN-y also promotes the monocyte fusion and plays an important role in
the multinucleated giant cell formation [55-57]. Patients with defects in IFN-y
receptors are highly susceptible towards mycobacterial infections [58, 59] and have a
higher risk receiving recurrence of those infections [60, 61]. IFN-y knockout mice are
particularly susceptible to M. tuberculosis [62], furthermore it was shown, that the
macrophage activating cytokines IFN-y and TNF-a are important for the initial control
of tuberculosis [60, 62].

1.2.1.3 Tumor necrosis factor-alpha (TNF-a)

TNF-a is regarded one of the most important pro-inflammatory cytokines when it
comes to battling M. tuberculosis. It is released by monocytes, macrophages [63] and
dendritic cells [64] after stimulation with the cell-wall component lipomannan (LM) or
other mycobacterial antigens in a TLR2-dependent manner [65]. Its
macrophage-activating functions are based upon its ability to promote phagocytosis,
intracellular killing, MHC molecule expression, stimulating T lymphocyte activation

and granuloma formation [66-68].

-8-
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TNF-a activated macrophages release chemokines which attract additional immune
cells to the infection site [69]. The ability of TNF-a to induce apoptosis underlines its
immunoregulatory properties [70] making it important for confining intracellular
pathogens and clearing some infections. On the other hand it is important that TNF-a
is balanced by the anti-inflammatory cytokine IL-10. Without the regulatory effect of
IL-10, TNF-a might induce tissue damage and necrosis [71].

Similar effects are seen in TNF-a knockout mice. When these mice have lost their
ability to induce granuloma formation they are unable to limit bacterial dissemination
whereupon they die from the consequences of tuberculosis [39]. Otherwise mice with

latent tuberculosis see reactivation when TNF-a is subsequently blocked [72].

1.2.1.4 Interleukin-10 (IL-10)

The anti-inflammatory cytokine IL-10 is released by macrophages after phagocytosis
of M. tuberculosis, but also by dendritic cells [73, 74], T cells [75, 76], B cells,
neutrophils, eosinophils, and mast cells [77]. Several cytokines are known to promote
the IL-10 secretion including IL-12 [78] and IL-6 [79]. The exact pathway responsible
for the secretion of IL-10 is not fully understood, but there is some evidence, that
antigens from infectious agents are recognized by TLR2 [80].

As an antagonist to pro-inflammatory cytokines IL-10 limits production of ROIs and
RNIs in macrophages [81]. IL-10 furthermore alleviates the process of inflammation
in monocytes by limiting the IL-8, IFN-y, TNF-a, granulocyte-macrophage
colony-stimulating factor (GM-CSF) and (G-CSF) [82] production. By this means
IL-10 interferes with all of the above mentioned functions of IFN-y and TNF-a. In its
immunosuppressive role IL-10 prevents an over-reaction of the inflammation
promoting factors, counteracts cell damage, leads to a balance between the pro- and
anti-inflammatory factors and is therefore essential for the outcome of disease.
Cyktor and colleagues [80] have shown that the disruption of the IL-10 gene in mice
or the blockage of the IL-10 receptor promotes the elimination of a majority of
intracellular pathogens, however many of the laboratory animals died an

inflammation-associated death.
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1.2.1.5 Interleukin-8 (IL-8)

This chemokine has a pro-inflammatory character. Its primary function is to attract
circulating leukocytes to invade inflammated tissues [83]. IL-8 is mainly secreted by
granulomas infiltrated by neutrophils [84], macrophages infected with M. tuberculosis
[85] and other cells with TLR involved in the unspecific immune response. Increasing
number of lymphocytes and neutrophils reach the site of infection, latter-mentioned
degranulate causing tissue damage [86] or boost the inflammatory response. The
IL-8 production is negatively regulated by IL-13 and TNF-a [85]. The importance of
IL-8 for bacterial containment was seen when it was totally blocked in rabbits

whereupon the granuloma formation was inhibited [87].

1.2.2 Nitric oxide (NO)

Nitric oxide synthase (NOS), first described in 1989, is a catalytic enzyme with three
known isoforms with only one of them showing antimycobacterial properties [88, 89].
The inducible nitric oxide synthase (INOS; also known as NOS2) is expressed in
activated innate immune cells like macrophages and neutrophils. Here it catalyses
the production of (NO) and related RNIs which are collectively responsible for
damaging bacterial DNA, proteins and lipids [90]. RNIs induce the synthesis and
release of pro-inflammatory cytokines such as IL-1B8, TNF-a and IL-8 [91, 92]. The
beneficial effect of RNIs on mycobacterial infections might be mediated by direct
killing of mycobacteria or by prevention of dissemination.

In murine and human macrophages pro-inflammatory cytokines like IFN-y, TNF-q,
and IL-1B8 [93, 94] as well as the mycobacterial cell wall component
lipoarabinomannan [95] are directly involved in the induction of INOS expression and
NO production. Whereas the antimycobacterial effects of NO have been
demonstrated in mouse models, similar observations in humans were contradictory
[96], although high amounts of NO were found in alveolar macrophages from patients
with active pulmonary tuberculosis [97]. NO is capable of blocking the aerobic
respiration in M. tuberculosis whereupon the bacteria activate a set of genes which
are very similar to the dormancy survival regulon (see section 1.5). These genes are
up-regulated under hypoxic conditions [98, 99] and other stress factors and are
presumably responsible for long-term survival in human granulomas.

This supports the conclusion, that either different or possible overlapping pathways
are responsible for the adaptive capabilities of M. tuberculosis.

-10-
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1.3 The mycobacterial cell wall

The extremely complex cell wall of mycobacteria is unique and distinguishes them
from other bacteria. The cytoplasmic membrane is overlaid by layers of
peptidoglycan (PG), arabinogalactan (AG), and unusually long branched mycolic
acids (MA), containing 70-90 carbons, which are covalently linked among each other
forming the MA-AG-PG complex [100] better known as the cell wall core. This cell
wall core is intercalated by phosphatidyl-myo-inositol mannosides (PIMs) and
lipomannan (LM), the biosynthetic precursors of lipoarabinomannan (LAM) [101], also
responsible for the induction of important immunomodulatory functions. The cell wall
core is connected to the outer layer by extractable glycolipids consisting of mycolic
acids, such as trehalose-6,6"-dimycolate (TDM) and trehalose-6-monomycolate
(TMM) [102], important signalling and effector molecules of mycobacteria interacting
with the immune system. The importance of these lipids for the outcome of
tuberculosis was obvious as delipidation led to a decreased capability of
M. tuberculosis to induce granuloma formation [103]. The cell wall glycolipids TDM
and PIMs are responsible for granuloma formation in mice [104, 105], whereas LM
and PIMs induce a strong pro-inflammatory response by TNF-a, IL-8, and IL-12
secretion [101, 106]. The structure of the cell wall constitutes many morphological
and physiological characteristics of mycobacteria important for their virulence
associated capabilities, many of them induced under microaerobic and anaerobic
conditions. The mycobacterial cell wall also constitutes an efficient permeability
barrier, thought to be largely responsible for their slow growth rates and their natural
resistance against antibiotics and long-term survival in the hostile environment [107].

The high lipid content in the cell wall accounts for about 60% of the dry weight of
mycobacteria. These lipids are responsible for the resistance of the bacteria to Gram
staining. M. tuberculosis therefore is neither gram-positive nor gram-negative but
instead described as acid-fast. For diagnostic methods the Ziehl-Neelsen stain is
used. The carbolfuchsin dye penetrates the cell wall and then resists decolourisation

by acid/alcohol leaving behind red coloured rod-shaped bacilli.

-11-



INTRODUCTION

porins
surface proteins
) _t] . ( 8] ;l
J acyl lipids
| | | | | |
mycolic acid
LA l‘
I"v'i-“ﬁ' -I
* ) . arabinogalactan
"#M‘
. -Iv

H*; “H‘ & ''r'm-re-binc.mar..,E..1
.ﬁ. ; HH Pﬂﬂtldﬂglycan

cytoplasmic
% membrane

Figure 3. Schematic representation of the mycobacterial cell wall

[Source: http://faculty.ccbcmd.edu/courses/biol41/lecquide/unit4/innate/ulfigll.html]

1.4 Multinucleated (giant) cells and granulomas

The granuloma formation constitutes the preliminary endpoint of a failed attempt from
alveolar macrophages to eliminate phagocytosed tubercle bacteria. Granuloma
formation is the result of a well-orchestrated interaction of host cytokines and
chemokines secreted by infected alveolar macrophages triggering an inflammatory
response, which coordinates the recruitment of immature blood-derived
macrophages and T lymphocytes. The macrophages form aggregates which are first
surrounded by T lymphocytes and then, at later stages, by fibroblasts forming a
sealed envelope which encloses the structure [39]. Macrophages inside these
granulomas fuse with each other forming multinucleated cells (MC) and continue to

do so until they differentiate to multinucleated giant cells (MGC).
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MGCs were first described by Langhans in 1868 [108] (also called Langhans cells) in
conjunction with tuberculosis granulomas, which are a typical histopathologic feature
of various granulomatous diseases (including leprosy, schistosomiasis, and
sarcoidosis). The development of MGCs depends on the infecting mycobacterial
species. Representatives from the MTBC induce large MGCs with more than
15 nuclei whereas the fusion process of opportunistic and avirulent strains like
M. avium and M. smegmatis ceases at the point of MCs (less than 15 nuclei) [109].
MGCs show strong antigen presenting capabilities but have lost their ability to
phagocytose further bacteria [109]. Even though the composition of MGCs and
granulomas is known, the specific functions and complex interactions between the
different cell types are not fully understood.

It is assumed that both sides, the bacteria and the host, profit from the granuloma
formation. Whereas the bacteria are “walled off” from the host immune system,
especially from the T cells releasing macrophage-activating cytokines, the granuloma
also prevents the bacteria from spreading into healthy tissues and organs [110] but
cannot eliminate the infection [33]. The influence of macrophage-activating cytokines
like IFN-y on granuloma formation was shown in immune-deficient individuals who
were hampered in developing granulomatous structures and died of mycobacterial
infection [59].

The direct contact between monocytes and bacteria is essential for multinucleated
(giant) cell formation but phagocytosis alone is apparently not sufficient since many
pathogens are phagocytosed without initiating cell fusion. This leads to the
assumption that beside intercellular contact, surface molecules and adhesion
molecules [111] or other distinctive features of mycobacteria, like the cell wall
component TDM [112] are responsible for triggering the fusion process. Inside the
granuloma there is a special micro-environment, thought to be predominated by
nutrient limitation, low pH, hydrolytic enzymes, reactive nitrogen and reduced oxygen
tension [113]. The bacilli adapt their metabolism to anaerobiosis by switching to
nitrate respiration [114] and reductive amination of glyoxylate [115]. These metabolic
changes are accompanied by chromosome duplication [116], cell wall modification
[117] and the bacteria eventually attain a non-replicating and non-respiring state
called dormancy [118, 119].

-13-



INTRODUCTION

During this period infected individuals do not develop clinical disease. When infected
cells die, macrophages from the periphery of the granuloma are ready to
phagocytose released mycobacteria and cellular components in an ever repeating
process [120].

When the immune system of the host fails to maintain immune signals because of
unknown reasons, the granuloma structure disrupts resulting in lung cavitation and
pulmonary disease [27, 31, 33]. When the lesion gets access to the bronchus, the
bacteria might leave the body posing a risk for others to get infected with

M. tuberculosis.

1.5 The dormancy survival regulon (DosR)

Spore forming bacteria are known to cease growing under conditions of nutrient
depletion. Spores survive long periods of time until their surroundings change to
more favourable conditions. To do so, they have to adapt their metabolism to a less
profligate way [121]. Even non-sporulating pathogens like M. tuberculosis have
proven that they are able to survive for more than ten years in sealed liquid cultures
[122] or inside granulomas of latently infected hosts without losing viability. For
developing new therapies against tuberculosis or preventing the reactivation from
latent state bacilli, it is important to understand the genetic mechanisms behind their
survival strategy.

M. tuberculosis and other intracellular mycobacteria trapped in a granuloma, are
confronted with dramatic changes in their environment. Toxic necrotic products and
hypoxia have the greatest influence on the intracellular survival [123, 124]. First
experiments to find key genes which are influenced by declining oxygen
concentrations showed that liquid cultures of M. tuberculosis were not able to survive
sudden changes from aerated cultures to anaerobic conditions. When this change
was precipitated in liquid medium without agitation the oxygen level in the sediment
reached micro-aerophilic conditions. The bacteria not only adapted to the
micro-aerophilic conditions [125] but exhibit synchronised replication when
resuspended and diluted into oxygen-rich medium [126]. This experiment showed a

connection between oxygen limitation and adaption to anaerobiosis.
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It was inappropriate to examine the gradual change of the bacterial metabolism and
the underlying genetic mechanisms which are responsible for the achievement of the
dormant state.

Using stirring cultures the oxygen level declined gradually and the tubercle bacilli
reached a homogeneous metabolic state. An oxygen saturation of 1% to 0.06%
matches a micro-aerobic state called non-replicating persistent (NRP) stage 1.

This state was characterised by a slow increase in turbidity whereas the numbers of
colony forming units (CFU), DNA synthesis, and ATP concentration did not change
although a sudden increase in glycine dehydrogenase was initiated and sustained.
Once the oxygen concentration dropped below 0.06% the bacilli shifted abruptly to
an anaerobic state, designated NRP stage 2. At this stage, the turbidity remained
constant whereas the concentration of glycine dehydrogenase declined notably. RNA
and protein synthesis almost came to a standstill, which is why the bacteria were
resistant to many antibiotics.

Experience has shown that mycobacteria must spend some time in the NRP stage 1
to survive anaerobic conditions [116]. This model was later called “NRP oxygen
depletion” or “Wayne-Dormancy” model.

This Wayne-Dormancy model provided the basis for several other models most
notably the “Long-term nutrient depletion model” [127], the “Reduced oxygen in a
chemostat controlled steady-state culture model” [128], “Standard stationary phase
culture model” [129], and the “Static culture oxygen depletion model” [130]. The
transcriptional adaptability of M. tuberculosis was also tested in IFN-y activated
murine macrophages [1], under acidic conditions in phagosomes [131], in Balb/c and
SCID mice [132], and guinea pigs [133]. Techniques like whole-genome microarrays
[131, 134] and two-dimensional (2D) gel electrophoresis [1] gave a deeper insight in
the transcriptional adaptations to some of the above mentioned experimental
designs.

A complex regulated gene cluster consisting of three genes (Rv3134¢/3133c¢/3132¢)
was significantly involved in the process of the above mentioned adaptations. This
process is induced whenever the aerobic respiration is blocked by hypoxia, nitric
oxide and carbon monoxide. Two of these genes encode the sensor histidine kinases
DosS (Rv3132c) and DosT (Rv2027c), which both respond to NO. The third gene
functions as a response regulator, DosR (Rv3133c) [99, 129, 130, 135].
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Whereas DosT is more dominant in the early stage of hypoxia, DosS alone maintains
induction of the DosR regulon when oxygen becomes limited [136, 137]. As with
many other two-component systems, the dosRS operon is autoregulated [138].
Investigating the DosR regulon under many different stress conditions [139], it
became apparent that it is the most highly induced, co-regulated gene cluster,
although not all genes of this cluster were equally expressed under all these
conditions [99, 129, 130]. This observation supported the conclusion that subsets of
the dormancy genes were differently regulated.

To find only those genes which are really under control of the DosR regulon, it was
decided that these genes had to fulfil some criteria. Most important was a strong
up-regulation during (A) oxygen limitation, (B) nitric oxide exposure, (C) induction
during the NRP model and (D) expression must be blocked by cyanide and by dosR
mutation [99]. All in all 48 genes fulfilled these criteria and are therefore referred as
“dormancy-associated genes”, among them rv0079, rv1130, rv1738, rv2626c, rv3127
and rv3154c.

Protein names and Rv numbers are according to the M. tuberculosis H37Rv genome
annotation [140]. Several studies have shown that these genes play an important role
in long-term adaptation of M. tuberculosis and M. bovis to the immune system of the
host and to survive long periods of anaerobiosis [141, 142].

For many years it was thought that granulomas are anything but dynamic. Recent
investigations in mice have shown that cellular accumulations differ over time [143]
and are more dynamic with respect to oxygen tension [144]. It is therefore very likely
that M. tuberculosis repeatedly experience changing levels of oxygen concentrations
and it should be able to quickly switch their metabolism between aerobic respiration
and nitrate respiration.

Investigations of a DosR mutant in M. bovis BCG have shown that this regulon is not
only important for long-term survival under anaerobic conditions but also for
recovering from anaerobiosis [145]. Without ability to switch quickly between aerobic
and nitrate respiration, the bacteria are unable to maintain energy levels, which are
pivotal for metabolic processes. Since the DosR regulon plays an important role for
rapid adaptations to metabolic changes based on hypoxia [145] it is therefore
essential for survival. A high number of DosR regulated genes have a strong T cell
and IFN-y inducing capacity [146]. Apart from that little is known about the functions

and interactions of the dormancy regulated genes.
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1.6 The conserved hypothetical protein Rv2626¢

Rv2626¢c is one of the most strongly up-regulated genes in the DosR regulon
[129, 147, 148]. It is predicted to consist of two cystathionine beta synthase (CBS)
domains (accession number PF00571), a recently discovered domain named after
the enzyme where it was originally identified [149] and which is found in all kingdoms
of life. As opposed to other CBS domains this one does not appear to bind
adenosinmonophosphat (AMP). The original enzyme catalyses the first step of the
trans-sulfuration pathway which is important for the amino acid metabolism and
instrumental for the conversion of homocysteine to cystathionine.

Although not much is known about the function of the CBS domain in Rv2626c, it is
thought to be involved in protein interaction and protein regulation.

Rv2626¢ was originally found to be up-regulated under different in vitro and in vivo
induced stress situations like hypoxia [134], treatment with nitric oxide [99] and in
IFN-y activated murine macrophages [1]. Rv2626¢ was not or only weakly expressed
in exponentially growing liquid cultures [150]. In 2005 Sharpe et al. [151] found
“another” gene which was strongly up-regulated under hypoxic conditions and named
it hypoxic response protein 1 (HRP1) without knowing that it is identical to Rv2626c.
Further sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
studies regarding the structure of this protein demonstrated the presence of a 32-kDA
dimer, a 16-kDa monomer and small amounts of degradation product below [151].
Since Rv2626¢ was detected in culture filtrates by peptide mass fingerprinting [152],
the immunogenicity of this and seven other DosR regulated proteins were analysed
in Balb/c and C57BL/6 mice by plasmid DNA vaccination. It turned out that seven out
of eight proteins induced strong humoral and/or cellular Thl-type (IL-2 and gamma
interferon) immune responses. Rv2626c¢ induced very strong T and B cell responses
[153]. This observation was later confirmed by Bashir et al. [154] using recombinant
Rv2626¢c. They revealed that this protein binds to murine macrophages, where it
induces INOS expression and NO production with simultaneous expression of
nuclear factor (NF)-kB. This led to the speculation that the (NF)-kB-dependent
pathway was involved.
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After contact to the cell surface receptors Rv2626¢ stimulated pro-inflammatory and
Th-1 type cytokines such as TNF-a, IL-12 and IFN-y together with various
costimulatory molecules such as B7-1, B7-2 and CD40. Similar results were seen in
peripheral blood mononuclear cultures of tuberculosis patients [146].

Further studies with immunogold-labeled M. tuberculosis cultures showed a uniform
distribution of protein around the bacilli and within the bacteria [147]. For now it is not
known how the protein is secreted. Missing secretion signals led to the conclusion
that another pathway than the well characterised Sec and Tat secretions systems are
responsible for the secretion [147]. It is suggested that a recently “type VII” secretion
system might be involved [155].

Since its immunogenic and antibody stimulating properties, Rv2626c¢ is seen as a
promising candidate for immuno-profiling of disease states [156] and vaccine
development.

1.7 The mycobacterial DNA-binding protein 1 (MDP1)

This protein was first mentioned in 1998 as histone-like protein of M. tuberculosis
(HLPMt), also designated HupB or Rv2986¢ [157], MDP1 in M. bovis BCG [158] or
laminin binding protein of M. leprae [Lbp; [159]. Years later a 28-kDa cell wall
associated homologue was found in M. smegmatis together with the siderophores
mycobactin and carboxymycobactin. Since this protein showed an iron regulated
expression it was called irep-28 [160]. A recent study about irep-28 proofed its ability
to directly bind Fe®*" preventing the Fenton reaction and protecting DNA by
ferroxidase activity [161]. Over the years other homologues of this gene have been
found in various mycobacterial strains like M. kansasii, M. avium, M. fortuitum,
M. marinum and M. ulcerans. By now there is no agreement for a uniform
nomenclature so it was decided to use the designation mdpl-gene.

MDP1 is composed of 205 amino acids, predominantly alanine, arginine, lysine,
proline and threonine with a calculated molecular weight of 21-kDa and an isoelectric
point of 12.4. It constitutes approximately 7 to 10% of total proteins in
M. bovis bacillus Calmette-Guérin (BCG) [158]. Genome sequencing of BCG showed
that mdpl is a single copy gene.
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MDP1 is furthermore important for growth regulation [162], stress response [163],
accumulation in stationary phase and under anaerobic conditions [163, 164]. The
gene is not under control of the DosR regulon. In slow growing mycobacteria, like
M. tuberculosis or M. bovis BCG, mdpl proved to be essential [165]. It has been
shown to control the transfer of mycolic acids to sugars by Ag85 complex proteins
modifying the cell wall composition in advanced cultures of M. smegmatis and
M. bovis BCG [146]. Furthermore antibodies against MDP1 were found in the sera of
tuberculosis patients [160] making it an interesting candidate for vaccine design.

1.8 M. bovis BCG contra M. tuberculosis

To find out to which extent the genes rv2626c and mdpl influence virulence
associated capabilities, M. bovis BCG was used in this study since M. tuberculosis is
a biosafety level 3 organism, hence experiments are subject to experimental
limitations. The attenuated strain M. bovis BCG features many properties of
M. tuberculosis and M. bovis although according to Mahairas and colleagues [166]
this strain has lost three distinct genomic regions of difference (designated RD1 to
RD3), encompassing altogether 29.5 kb DNA. Others found that more than 100
genes were deleted in M. bovis BCG [167, 168].

In recent years enough data about BCG was published so it can be assumed, that
investigations linked to the topic of this work are comparable to M. tuberculosis.
Crucial for this decision was the fact that BCG reacts quite similar in the
oxygen-limited “Wayne dormancy” culture system [169, 170] and that a DosR mutant
in BCG lost its ability to survive hypoxia [142]. Two recent studies with a DosR
mutant in M. tuberculosis showed a lesser impact on the survivability towards
hypoxia [99, 171]. Although MDP1 is not DosR regulated, it nevertheless was seen to
accumulate in stationary phase and anaerobic conditions, which implies that it is
important for the growth-state dependent adaption of M. bovis BCG [172].
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1.9 Objectives

The aim of this thesis was to investigate possible virulence associated capabilities of
genes from M. bovis BCG which might have an impact on the viability in host cells. In
the recent past, genome wide microarray and 2D gel electrophoresis studies
investigated genes under certain stress conditions like hypoxia, nutrient depletion
and acidic conditions which help M. tuberculosis to survive in a hostile environment.
A new approach was used by single gene mutagenesis by up-regulation,
down-regulation and deletion of the specific genes in M. bovis BCG whereas all other
studies used wild-type strains of M. tuberculosis and M. bovis.

Genes chosen for this work had to fulfil the following criteria: they had to be
up-regulated under three or more stress conditions and the up-regulation should be
more than five times higher than in controls without stress. From all candidates,
fulfilling these criteria, six hypothetical genes were selected: rv0079, rv1130, rv1738,
rv2626c¢, rv3127 and rv3130c.

Due to the manifold properties in pathological important processes and its
up-regulation during dormancy and anaerobic conditions the mycobacterial
DNA-binding protein 1 (MDP1) was also chosen as a promising candidate to study
the issue of this work.

Genetic modifications performed in this study resulted in recombinant BCG strains in
which the corresponding genes were over-expressed, down-regulated or deleted. For
the first time comparative studies were applied to investigate the impact of these
differentially regulated genes under in vitro and in vivo conditions simulating the
natural course of infection. Primary human derived cells, a mouse cell line and Balb/c
mice were used to investigate the ability of these genes to influence the reaction of
the bacteria towards conditions met during infection. The focus was on investigations
regarding the survival under pH stress condition, the intracellular survival in human
monocytes/macrophages, cytokine expression in human peripheral blood
mononuclear cells, macrophage fusion and intracellular survival in mice. This thesis

summarises the results obtained for the genes rv2626¢ and mdp1.
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2. Material & Methods

The following strains and plasmids were used in this study (Table 1).

Table 1. Strains and plasmids used in this study

Strains Characteristics Reference/Source

E. coli DH5a F endAl gInVv44 thi-1 recAl relAl gyrA96 deoR Stratagene
nupG  ®80dlacZAM15  A(lacZYA-argF)U169,
hsdR17(r« mg"), A—

M. bovis BCG Attenuated strain of M. bovis used as vaccine Statens Serum

Copenhagen Copenhagen

M. bovis (pMV261) BCG control strain with plasmid pMV261 [165]

M. bovis (pRv2626c¢) BCG strain over-expressing the rv2626c¢c-gene This study

M. bovis ARv2626¢c::hyg BCG mutant lacking the rv2626c¢c-gene This study

M. bovis (pMDP1) BCG strain over-expressing the mdpl-gene This study

M. bovis (pAs-MDP1) BCG strain down-regulating the expression of the [165]
mdpl-gene

Plasmids

pMV261 Mycobacterium/E. coli shuttle vector with the [173]

kanamycin resistance aph-gene from transposon
Tn903 and the promoter from the hsp60 gene
from M. tuberculosis, empty multiple cloning site;
(see Attachment 8.2.1)

pRv2626¢c Over-expression plasmid; pMV261 with the This study
rv2626c¢c-gene from M. bovis BCG Copenhagen
downstream of the promoter hsp60 from

M. tuberculosis

pAs-MDP1 Antisense plasmid; pMV261 with 102 bp coding [165]
sequence plus 11 bp of the untranslated upstream
region containing the Shine-Dalgarno Sequence
of the mycobacterial mdpl-gene from M. bovis
BCG Copenhagen cloned behind the promoter

hsp60 from M. tuberculosis

pMDP1 Over-expression plasmid; pMV261 with the mdp1- This study
gene from M. bovis BCG Copenhagen cloned
downstream of the promoter hsp60 from

M. tuberculosis

pYUB854 E. coli cosmid with two multiple cloning sites [174]
flanking a hygromycin resistance gene (see
Attachment 8.2.2)
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2.1 Bacterial strains and culture conditions

E. coli DH5a was used for cloning experiments as recipient for plasmids, which were
designed for the generation of over-expression strains, down-regulated strains and
deletion mutants of M. bovis BCG (Bacillus Calmette-Guérin). E. coli DH5a was
grown in Luria-Bertani- (LB) medium at 37°C [175] and later on LB agar plates,
supplemented with 100 pg mlI™ kanamycin or 100 pg ml™ hygromycin for selection of
transformed bacteria. M. bovis BCG was grown in Middlebrook 7H9 broth
(BD Biosciences, Heidelberg, Germany) supplemented with 10% ADC (2 g glucose,
5 g BSA, 0.85 g NaCl in 100 ml dH,0) and 0.05% Tween80 (Roth GmbH, Karlsruhe,
Germany). After electroporation M. bovis BCG was plated on Middlebrook 7H11 agar
(BD Biosciences, Heidelberg, Germany), supplemented with 10% OADC (BD
Biosciences, Heidelberg, Germany) and 0.5% glycerol (Roth GmbH, Karlsruhe,
Germany). For selecting over-expressing and down-regulating strains or deletion
mutants the Middlebrook agar was supplemented with 50 ug ml™ hygromycin or
100 pg mi™* kanamycin. Under experimental conditions the strains M. bovis BCG and
M. bovis ARv2626c¢::hyg were grown in Middlebrook broth without antibiotics,
whereas the strains M. bovis (pMV261), M. bovis (pRv2626c) and
M. bovis (pAs-MDP1) were supplemented with 25 pg ml™* kanamycin. All strains were
incubated at 37°C without shaking. Strains and plasmids used in this study are
described in Table 1.

2.1.1 Growth experiments under neutral and low pH conditions

All strains were grown in Middlebrook broth at 37°C and when necessary
supplemented with 25 pg mI™* kanamycin, until they reached a late growth phase with
an optical density (OD)eoo nmy Of 3. At this state they were inoculated in 25 ml
Middlebrook broth (pH 7) until an ODgoo nmy Of 0.02 to 0.04 was achieved. To
measure the susceptibility of the new generated strains to low pH, parallel cultures
were inoculated in 25 ml Middlebrook broth, adjusted to pH 5.3, until an ODgg nm) Of
0.02 to 0.04 was achieved. Cultures of M. bovis BCG carrying the shuttle vector
pMV261 or a plasmid, which was derived from pMV261, were furthermore
supplemented with 25 ug ml™* kanamycin. Once per week the OD was measured,
100 pl samples were taken and frozen at -20°C to determine the number of viable
bacteria by adenosinetriphosphate (ATP) measurement.
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Before starting the ATP measurement the frozen cultures were thawed, vortexed and
then diluted 1 to 10 in dH,O. Thereof 50 pl of the diluted samples, together with 50 pl
of the luciferase reagent from the BacTiter-Glo™ Microbial Cell Viability Assay, were
pipetted into 96 well plates (Nunc F96 MicroWell Plates, GmbH, Langenselbold,
Germany). Bacteria and reagent were incubated for 5 minutes, shaken for 1 minute
and then incubated for another 10 minutes. The luminescence as a measure of the
ATP concentration was read in a Berthold-Luminometer LB 96 P (Berthold
technologies, Bad Wildbad, Germany). For more information see manufacturer’s

instructions.

2.1.2 Cultivation of bacteria under pH stress for protein isolation

For protein isolation under pH stress conditions bacterial cultures were grown in
50 ml Middlebrook broth at 37°C and when necessary with 25 pg ml™* kanamycin,
until they reached an ODgoo nmy Of 3. At this point, 10 ml of each culture was
centrifuged at 6000 x g for 20 minutes and 4°C. The supernatants were discarded
and the pellets stored at -80°C. The rest of the cultures were again centrifuged for
20 minutes at 3500 x g, the pellets resuspended in Middlebrook broth adjusted to pH
5.3 and supplemented with 10% OADC. The cultures were returned to the incubator
and incubated at 37°C for another 24 and 48 hours, respectively. Further samples

were taken at these time points for adjoining protein extraction (see section 2.3.1).

2.2 Cloning techniques

2.2.1 Molecular biology techniques

Molecular biology techniques were accomplished according to standard protocols
described by Sambrook et al. [175] or according to manufacturer’s instructions of kits
and enzymes (see Table 2). Transformation of E. coli DH5a was performed
according to the method of Hanahan et al. [176], whereas the electroporation of
M. bovis BCG was accomplished as described by Sharbati-Tehrani et al. [177].
Primers were purchased from Metabion (Martinsried, Germany). All sequencing
reactions were performed by using the Prism Big Dye Terminator 3.1 FS Terminator
Cycle Sequencing Ready Reaction Kit from PE Applied Biosystems 2500 (Darmstadt,

Germany) in combination with an Applied Biosystems 3500x| Dx Genetic Analyzer.
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Table 2. Kits used in this study

Method Kit*

ATP measurement BacTiter-Glo'" Microbial Cell Viability Assay, Promega, Mannheim,
Germany

Cell staining Diff-Quick Fix Medion Diagnostics, Langen, Germany

Cytokine measurement ELISA Kits Ready-SET-Go for IL-1p, IL-8, IL-10, IFN-y, TNF-q,
eBioscience, delivered by Natutec, Frankfurt, Germany

Plasmid isolation Qiagen Plasmid Maxi Kit, Qiagen, Hilden, Germany

DNA digestion FastDigest Restriction Enzymes, Fermentas, St. Leon-Rot,
Germany

DNA gel extraction QIAquick Gel Extraction Kit, Qiagen, Hilden, Germany

DNA ligation T4 DNA Ligase, Fermentas, St. Leon-Rot, Germany

PCR purification QIAquick PCR Purification Kit, Qiagen, Hilden, Germany

PCR amplification DreamTaq' " DNA Polymerase Kit and dNTPs, Fermentas, St.
Leon-Rot, Germany

Protein measurement BCA™ Protein Assay Kit, PIERCE, Rockford, USA

Southern Blot Digoxigenin Labeling Kit, Roche, Mannheim, Germany

Staining of mycobacteria Tb-color modified (Ziehl-Neelsen), Merck, Darmstadt, Germany

Western blot BM Chemiluminescence Western Blotting Kit (Mouse/Rabbit),

Roche, Mannheim, Germany

*All kits were used according to the manufacturer's specifications.

2.2.2 Mutagenesis of the rv2626c-gene in M. bovis BCG

2.2.2.1 Construction of the rv2626¢ over-expression plasmid

To accomplish the over-expression of the gene rv2626¢ was amplified from M. bovis
BCG by wusing the primer combination Rv2626c FW_BamHI and
Rv2626c_BW_EcoRI. The amplified product was purified by using a polymerase
chain reaction (PCR) purification kit from Qiagen. Afterwards the PCR product and
the shuttle vector pMV261 were double digested with BamHI and EcoRI (Fermentas).
Troublesome small DNA molecules were removed and the gene sequence ligated in
the multiple cloning site (MCS) of the shuttle vector by using a T4 DNA Ligase from
Fermentas. The plasmid pRv2626c¢c was then transformed into E. coli DH5a.
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Plasmids were isolated from densely grown cultures by using a Qiagen Plasmid Maxi
Kit, then the inserts were sequenced to confirm the absence of mismatches and a
plasmid without mismatches was used for electroporation of M. bovis BCG, as
described by Sharbati-Tehrani et al. [177].

2.2.2.2 Site-directed mutagenesis of rv2626c¢

Site-directed mutagenesis was chosen for the deletion of the mycobacterial gene
rv2626c¢ in M. bovis BCG (Figure 4) and care was taken to ensure that the flanking
genes are not disturbed. The cosmid pYUB854 (3893 bp) was used to generate the
deletion plasmid which was used for mutagenesis. The deletion plasmid was
constructed in two consecutive steps. First the downstream region of rv2626¢ was
amplified by PCR using the primer combination Rv2626 LF _FW_Stul and
Rv2626 LF BW_Xbal (Figure 4A). Subsequently pYUB854 and the resulting
1209 bp long PCR product were digested with the restriction enzymes Stul and Xbal.
Interfering small DNA molecules were removed by using the QIAquick PCR
Purification Kit. Both products were ligated with each other (Figure 4B) using a
T4 DNA Ligase. Afterwards the plasmid was transformed into E. coli DH5a. The
plasmid was isolated from a densely grown culture by using the Qiagen Plasmid Maxi
Kit and then used for a second cloning step. For this purpose the upstream region of
rv2626¢c was amplified by PCR using the primer pair Rv2626 RF _FW_Xhol and
Rv2626 RF_BW_Spel (Figure 4C). The amplified 1090 bp long PCR product and
pYUB854 with the downstream region of rv2626c were double digested using the
restriction enzymes Spel and Xhol. Interfering small DNA molecules were removed
by using the QIAquick PCR Purification Kit. Afterwards the upstream region of
rv2626c was ligated into the second MCS of pYUB854 (Figure 4D). Again
E. coli DH5a was used as recipient of the plasmid. To generate the recombination
substrate consisting of the hygromycin resistance gene framed in the DNA
sequences flanking rv2626c¢. The plasmid was again isolated from a densely grown
culture and then double digested with the restriction enzymes Stul and Spel
(Figure 4E). By running a 0.8% agarose gel the recombination substrate (about
4400 bp long) was separated and eluted by using a Gel Extraction Kit from Qiagen.
For site-directed mutagenesis 2 pg of the recombination substrate were

electroporated [177] into the wild-type strain of M. bovis BCG (Figure 4F).
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Figure 4. Generation of the deletion mutant M. bovis ARv2626¢::hyg
A) Amplification of the downstream region of M. bovis BCG by PCR using the primer combination
Rv2626_LF_FW_Stul and Rv2626_LF_BW_Xbal; B) ligation of the PCR product and pYUB854;
C) amplification of the upstream region of M. bovis BCG by PCR using the primer combination
Rv2626 RF _FW_Xhol and Rv2626 RF _BW_Spel; D) ligation of the second PCR product and
pYUB854; E) digestion of the deletion plasmid by Stul and Spel followed by F) electroporation and

site-directed mutagenesis in M. bovis BCG.
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The electroporated bacteria were plated on Middlebrook agar supplemented with
10% OADC and 25 pg ml™ hygromycin. After four weeks the colonies were screened
by PCR (see Table 3). The successful deletion was ascertained by using the primer
combination KoRv2658 FW/KoRv2660 BW and Rv2626c_FW/Rv2626c_BW. To
examine the complete deletion of rv2626¢ in M. bovis BCG a Southern Blot was
performed. For this purpose 1 ug genomic DNA from M. bovis BCG and from the
deletion mutant M. bovis ARv2626c¢::hyg were digested with Apal and Smal,
respectively, separated on a 0.8% agarose gel and capillary transferred to positively
charged nylon membrane (GE Healthcare, Buckinghamshire, UK) by following a
standard protocol [175].

The hygromycin resistance gene (1818 bp) from pYUB854 was amplified using the
primer pair Hyg2K FW and Hyg2K BW whereas the primer pair Rv2626¢c_FW_BamHI
and Rv2626¢c_BW_EcoRI was used to amplify the gene sequence of rv2626c¢ from
the genomic DNA of M. bovis BCG. Both PCR products were labelled using a
Digoxigenin Labelling Kit from Roche and then applied as probes in hybridisation
using nylon membrane with the digested DNA from M. bovis BCG and the mutant.
Probe detection was carried out by using anti-digoxigenin-AP conjugate and

CDP-star from Roche according to the manufacturer’s instructions.

Table 3. Primers used for mutagenesis of Rv2626¢

Ann. Product
Primers Sequence* i
Temp. size

5-CC GGATCC ATG ACC ACC GCA CGC GAC
Rv2626c_FW_BamHI

AT-3
61.8°C 432 Dbp
5-CC GAATTC CTA GCT GGC GAG GGC CAT
Rv2626c_BW_ECoRI i
GG-3
KoRv2658_FW 5-TCT TGA CGA GCT TGC CCG CGG CCT-3’
_ __ 66.0°C  3200bp
KoRv2660_BW 5-TGT CAT TGC GGC ACC CAG AGC CGC-3
Hyg2K_FW 5-CAC CGT ACG TCT CGA GGA ATT CCT G-3’
] 7 64.3°C 1818 bp
Hyg2K_BW 5-GCG TCG TGA AGA AGG TGT TGC TGA-3

Rv2659 RF_FW _Xhol 5-TTT ATC CGC CAG CAT CGG AGG TAC C-3’
Rv2659 RF_BW_Spel 5-ATC ACC CCG CAT CGG AAA ACC TG-3
Rv2659 LF FW _Stul  5-TGC ATG ACG AAC TCG GCC TGA ACA-3’
Rv2659 LF BW Xbal 5-GCG AAC ACT AGG GTC GTT TGA CCC G-3°

*Restriction sites added to the primers for cloning purposes are italicised and underlined.

64.9°C 1210 bp

64.3°C 1091 bp
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2.2.3 Mutagenesis of the mdpl-gene in M. bovis BCG

2.2.3.1 Construction of the mdp1 over-expression plasmid

The approach for constructing a MDP1 over-expression plasmid is similar to the
above mentioned procedure for over-expressing rv2626c¢ (see section 2.2.2.1) in
M. bovis BCG and therefore described in an abbreviated form. The mdpl-gene
(=rv2986¢c) was amplified by using the primer combination Rv2986¢c_FW_Pst and
Rv2986¢c_BW_Hindlll (Table 4). The amplicon was gel purified, digested with the
restriction enzymes Pstl and Hindlll, ligated into the multiple cloning site of the shuttle
vector pMV261 and then transformed into E. coli DH5a. The plasmid was then
isolated from a densely grown culture and sequenced to confirm the absence of
mismatches. After electroporating the shuttle vector into M. bovis BCG [177] the
plasmid was again isolated and again sequenced.

2.2.3.2 Site-directed mutagenesis of mdpl

The procedure chosen for the deletion of the mdpl-gene in M. bovis BCG was the
same as for rv2626c¢c (see section 2.2.2.2), with the following modifications. The
915 bp long downstream region of mdpl-gene from M. bovis BCG was amplified by
PCR using the primer combination Mb3010c_LF _FW_Spel and
Mb3010_LF_BW_BstBI. For the 704 bp long upstream region of mdpl the primer
combination Mb3010c_RF FW Xba and Mb3010c_RF BW_Aflll was used. The
recombination substrate was amplified by PCR using the primer combination
Mb3010c_LF_FW_Spel and Mb3010c_RF_BW_Aflll. For site-directed mutagenesis
2 pg of the recombination substrate were electroporated into M. bovis BCG as

described by Sharbati-Tehrani et al. [177]. See also Figure 4 for further details.

2.2.2.3 Construction of the mdp1 antisense plasmid

The construction of the antisense-plasmid pAs-MDP1 was recently described in
Lewin et al. [165]. The plasmid contains a 113 bp fragment of BCG-DNA covering the
first 102 bp of the coding sequence from the MDP1l gene and 11 bp of the

untranslated upstream region covering the Shine-Dalgarno Sequence.
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The fragment was inserted into the shuttle vector pMV261 downstream of the hsp60

promoter in antisense-orientation. The expression of MDP1 is reduced by about 50%
in M. bovis BCG (pAs-MDP1) grown in broth culture if compared to M. bovis BCG

containing the empty vector pMV261 [165].

Table 4. Primers used for mutagenesis of mdpl

. . Ann. Product
Primers Sequence of primers* ]
Temp. size
5°-AA CTGCAG ATG AAC AAA GCA GAG CTC
Rv2986¢c_FW_Pstl R
ATT GAC-3
. 61.0°C 645 bp
i 5-CC AAGCTT CTATTT GCG ACC CCG CC-
Rv2986¢_BW_Hindlll
5- GGG TTCGAA CTT TG C GAT TGC GGG
Mb3010_LF BW_BstBI
ACT TGT CG-3
64.5°C 915 bp
5-GGG ACTAGT CAC ATC CAC GAC CGC
Mb3010c_LF_FW_Spel ,
GAG CAC-3
5-GGG TCTAGA ATT TCA CTG AGC CAA
Mb3010c_RF_FW_Xba .
CGA CCG-3
i 60.6°C 704 bp
5 -GGG CTTAAG ACC CAC TCT GGT ATT
Mb3010c_RF_BW_AflII |
GGC GTG-3
KoMb3009_FW 5-ATT GTT CGA ATC CGC ACT GGA CCC-3
. i 64,2°C 2796 bp
KoMb3011c_BW 5-GCG GCC GCACACATT TGG TG-3
pMV261_FW6 GAC GAG ACG GGG TTC TAC GAATCT TG
GGG TCTAGA GGT CCT TCT GCC GGG AGA 63.5°C 1017 bp
Mb3010c_LF_BW_Xba
CGC
5-GG-CTGCAG-C ACG GAT ACC CTT CGT
Rv2986¢_ko_FW_Pst
CAC A-3°
60.5°C 900 bp
5°-AA GTCGAC GGC GAA ATT TCA GCG TGA
Rv2986¢c_ko_BW_Sal R
C-3
pMV261_FW 5-GAG GAA TCA CTT CGC AAT GGC-3°
5-TAA CAT CAG AGA TTT TGA GAC ACA 60°C 231 bp
pMV261_BW

ACG-3’

*Restriction sites added to the primers for cloning purposes are italicised and underlined.
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2.3 Protein analysis

2.3.1 Protein extraction

Frozen bacterial pellets from the pH stress experiment were washed two times in
1 ml icecold PBS (10 mM sodium phosphate, 126 mM sodium chloride, pH 7.2) plus
0.2% EDTA. After the last washing step 1 pl proteinase inhibitor cocktail
(SIGMA-ALDRICH, Taufkirchen, Germany) was added, the bacteria heated for 30
minutes at 80°C and then centrifuged for ten minutes at 13,000 x g and 4°C. The
pellet was resuspended in 250 ul Tris-HCI, pH 8.0. Disintegration of the cells was
achieved by using the cell disruptor PreCellys (PeglLab, Erlangen, Germany)
(program: two times 26 seconds at 3,300 x g with a 30 seconds pause in between)
followed by sonification (Branson Ultrasonics Corporation, Danbury, USA; duty cycle
50%, output control 3.5) for 10 minutes. Protein precipitation occurred over night in
500 pl icecold aceton with 20 mM Dithiothreit (Roth, Germany) at -20°C. After
centrifugation (10 minutes at 12,500 x g) the proteins were resolved in 500 pl 50 mM
Tris-HCI plus 0.3% SDS, pH 8.0. The protein concentration was measured with the

BCA Protein Assay Kit from Pierce.

2.3.2 Western blot & immunodetection

For the Western blot 30 to 50 ug of proteins were separated in 10% SDS gels using
the Maxigel System (Biometra, Gottingen, Germany). The gels were equilibrated for
15 minutes in Towbin buffer (25 mM Tris, 192 mM glycin and 20% methanol, pH 8.3).
Simultaneously a PVDF-membrane (Roti-PVDF transfer membrane T830.1, pore size
45 um, Carl Roth GmbH, Germany) was shortly equilibrated in methanol, washed for
2 minutes in dH,O and than incubated for 5 minutes in Towbin buffer. The blotting
was done in a Trans-Blot Semi-Dry Electrophoretic Transfer Cell (Bio-Rad, Munich,
Germany) for 30 minutes at 1.2 mA per cm? constant, washed two times with TBS
(50 mM Tris, 150 NaCl, pH 7.5) and then blocked over night in 1% casein/TBS at
4°C. A polyclonal rabbit antiserum against the peptide CLAAGLDPNTATAGE-KLH
(BioGenes, Berlin, Germany) from Rv2626¢ was used for immunoblot experiments.
The membrane was incubated for 1 hour with a 1:3500 dilution of this primary
antibody, followed by four successive 10 minutes lasting washing steps, two times in
50 ml TBST (50 mM Tris, 150 NacCl, 0.1% [v/v], Tween20, pH 7.5) and then two times
in 0.5% casein blocking solution.
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The secondary antibody (Peroxidase-conjugated AffiniPure F[ab'], Fragment Goat
Anti-Rabbit 1gG [H+L], Jackson Immuno Research, Soham, UK) POD marked was
used at a concentration of 1:7500 in 0.5% blocking solution over a time period of
30 minutes. Afterwards the membrane was washed four times in 100 ml TBST,
drained from excess buffer and then incubated for 1 minute with detection reagent
using the BM Chemiluminescence Western Blotting Kit [Mouse/Rabbit] from Roche.
Drained of excess detection reagent the membrane was quickly transferred to an
Amersham Hyperfilm ECL (GE Healthcare, Buckinhamshire, UK) in a dark room
exposed for 2 to 15 minutes and then developed using an AGFA Curix 60 (Siemens,

Germany, Erlangen). For more details see manufacturer’s instructions.

2.4 Cell culture experiments

For cell culture experiments Buffy coats from anonymous healthy volunteers were
obtained from the German Red Cross. For infection experiments only bacterial
strains were used which had reached a late growth phase of ODgo nm) 3. Aliquots

from corresponding cultures were frozen at -80°C and thawed shortly before the trial.

2.4.1 Methods of cell isolation from human-derived blood cells

Depending on the kind of experiment peripheral blood mononuclear cells (PBMCs) or
monocytes were isolated from human-derived blood cells. Before using isolated
PBMCs or monocytes for experimental purposes the cells were counted in a
Neubauer counting chamber (Marienfeld, Lauda-Konigshofen, Germany) and then

used for infection experiments.

2.4.1.1 PBMCs Isolation

PBMCs were isolated by Ficoll-Pague Plus density centrifugation (GE Healthcare,
Munich, Germany). For more details see manufacturer’'s instructions. Isolated
PBMCs were used to measure the secretion of cytokines by infected cells (see
section 2.4.2.1).
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2.4.1.2 Monocytes isolation

Blood monocytes were obtained from human-derived PBMCs (see section 2.4.1.1) by
Percoll density gradient centrifugation (see manufacturer’'s instructions, GE
Healthcare, Munich, Germany). To remove remaining erythrocytes from the cell
pellets the cells were resuspended in 10 ml ACK-lysis buffer (0.15 M NH4CI,
1.0 mM KHCO3 and 0.1 mM Na;EDTA, pH 7.3) and then incubated for 5 minutes on
ice. Afterwards 10 ml PBS (137 mM NaCl, 2.7 mM KCI, 4.3 mM Na;HPO,,
1.4 mM KH,PO,; pH 7.4) were added to the lysis buffer, the cells were washed with
PBS twice and then resuspended in 40 ml IMDM medium with L-Glutamine (PAA,
Paching, Austria) plus 3% human AB serum (PAA, Paching, Austria). Monocytes
were used to measure the intracellular survival of mycobacteria and the fusion rates

of infected monocytes.

2.4.2 Infection experiments

Following isolation PBMCs were used for measuring the cytokine concentration (see
section 2.4.2.1) in the supernatants of infected cells whereas monocytes were
applied for intracellular survival (see section 2.4.2.2) and fusion experiments (see
section 2.4.2.3).

2.4.2.1 PBMC infection and Cytokine measurement

One million isolated PBMCs per strain and per sampling point were seeded in 24 well
Tissue Culture Plates (TPP, Trasadingen, Germany) and immediately infected by a
multiplicity of infection (MOI) of 1. Five wells per strain were infected. Cells used as
positive control were pre-activated with 10 ng mli® human IFN-y (Invitrogen,
Darmstadt, Germany) and 10 ng ml™ LPS or remained untreated in the case of the
negative control. The infection took place over night at 37°C and 5% CO,. After
24 hours supernatants were taken and stored at -20°C. Later on the supernatants
were thawed and the cytokine levels for IL-8, IL-10, IL-1B, IFN-y and TNF-a were
measured with ELISA Kits Ready-SET-Go from eBioscience by following the

manufacturer’'s instructions.
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2.4.2.2 Monocyte infection and intracellular survival

Following the isolation of monocytes (see section 2.4.1.2) five wells per strain and
sampling point were seeded in 24 well Tissue Culture Plates with 1 million cells per
well. The monocytes were allowed to adhere over night at 37°C and 5% COa,
supplemented with 10 ng mI™ human IFN-y and 10 ng mI™* LPS for pre-activation or
remained unstimulated. The intracellular survival experiment of M. bovis (pMV261)
and M. bovis (pAs-MDP1) was exclusively performed with unstimulated monocytes.
Prior to infection non-adherent cells were removed by washing the wells twice with
1 ml RPMI 1640 medium (Biochrom, Berlin, Germany). Afterwards the monocytes
were infected with a MOI of 1 and bacteria and monocytes were brought into closer
contact by centrifuging (250 x g) the plates for 10 minutes at room temperature. After
four hours of incubation at 37°C and 5% CO, the wells were again washed twice with
RPMI 1640 medium to remove extracellular and non-adhered bacteria. The cells
were then incubated for another two hours with 200 ng mI™* amikacin disulfate salt
(SIGMA, Taufkirchen, Germany) to kill remaining extracellular bacteria. After another
washing step the cells were incubated in IMDM medium with L-Glutamine plus 3%
human AB serum (PAA, Pasching, Austria) and 2 ng mI™* amikacin disulfate salt. First
samples were taken 4 hours after the onset of the infection by lysing the infected
monocytes in 500 pl dH,O for 15 minutes at 37°C to release BCG. Further samples
were taken after 24, 48, 72 and 120 hours. All samples were stored at -20°C.

2.4.2.3 Monocyte infection and fusion of monocyte-derived macrophages

The infection was performed under the same conditions as for the intracellular
survival experiment (see section 2.4.2.2) with two notable exceptions: sterile glass
slides were prepared incubating them over night at room temperature in 250 ml dH,O
and 0.5 ml concentrated HCI. Afterwards they were consecutively washed twice with
an excess of dH,O and once with 95% methanol. The glass slides were air-dried over
night at 37°C and than sterilized. These sterilized glass slides were placed into wells

of 24 Tissue Culture Plates for cell adherence, to allow later staining and microscopy.
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Contrary to the intracellular infection experiment monocytes were not only infected
but also stimulated for 4 hours with 10 ng mI™* human IFN-y (Invitrogen, Darmstadt,
Germany) and 10 ng mlI* LPS or remained untreated. Stimulated and untreated
monocytes were used as positive and negative controls respectively. After seven
days, the glass slides were removed from the wells and adherent cells stained with
Ziehl-Neelsen (Tb-color modified and malachite green, Merck, Darmstadt, Germany;
see manufacturer’s instructions) to examine the uptake of mycobacteria or stained by
Diff-Quick Fix (Medion Diagnostics, Langen, Germany; see manufacturer’s
instructions) to determine if the mutagenised strains had influenced the capability of
monocytes/macrophages to fuse with each other. The fusion index was determined
by multiplying the numbers of nuclei within multinucleated cells (minimum 3 nuclei
per cell) divided by the total number of nuclei multiplied by 100. All in all 6000 nuclei

were counted per strain.

£ 1o number of nuclei in multinucleated cells 100
= X
%] total number of nuclei

2.4.2.4 J774.A1 mouse macrophages infection and Griess assay

J774.A1 mouse macrophages (DSMZ no. ACC170) were grown in RPMI 1640
medium with 5% Foetal Calve Serum (FCS; Biochrom, Berlin, Germany) at 37°C and
5% CO; until the cells formed a monolayer at the bottom of the Tissue Culture Flasks
(TPP, Trasadingen, Germany). For the purposes of the experiment 3.5 x 10° cells per
well were seeded in 96 well Tissue Cultures-treated Plates (TPP, Trasadingen,
Germany) and, with the exception of the positive and negative control, pre-activated
over night with 10 ng mI'* mouse IFN-y. The next day the cells were washed twice
with 200 yul RPMI 1640 medium to remove non-adherent cells and then infected using
a MOI of 50. For the positive control the macrophages were activated with 10 ng ml™
mouse IFN-y and 10 ng mI™* LPS whereas the negative control remained untreated.
For the standard, a 1 mM sodium nitrite (NaNO3) solution was prepared in dH,O and
diluted (end concentration 100 uM, 80 uM, 60 uM, 50 uM, 40 uM, 30 uM, 20 uM,
10 uM, 6 uM, 2 uM and O uM). After 24 hours 100 pl of the sample supernatants and
the standard were transferred in duplicate in fresh wells.
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Both substances were then mixed with 100 ul of the freshly prepared Griess Reagent
consisting of 1% sulfanilamide (resolved in 5% o-phosphoric acid) and 0,1% [w/V]
N-(1-napthyl)-ethylenediamine dihydrochloride (mixing ratio 1:1).

After shaking for 10 minutes the absorbance of the samples at 570 nm was
measured by an ELISA reader (TECAN Infinite M 200 Pro, Crailsheim, Germany).
This assay relies on a diazotization reaction that was originally described by Griess in
1879 [178]. Modifications have been made to the original reaction through the years.
The concentration of nitrite was interpolated from the NaNO, standard curve.

2.4.3 DNA extraction methods
Two different methods were used for extraction of DNA from human-derived blood

monocytes (see section 2.4.3.1) and mouse tissues (see section 2.4.3.2).

2.4.3.1 DNA extraction from human-derived blood cells

Prior to DNA extraction the frozen cell lysates were thawed and 200 pl mixed with
100 pl 2 x TE9 buffer [500 mM Tris, 20 mM ethylenediaminetetraacetic acid (EDTA),
10 mM NacCl, 1% SDS and 6 ul Proteinase K (50mg/ml), pH 9 [179]. The suspension
was first incubated for 60 minutes at 58°C and then for another 30 minutes at 97°C.
DNA extraction was done in two steps. First 300 pl phenol/chloroform/isoamyl alcohol
were added, well mixed and the suspension was centrifuged for 10 minutes at
16,100 x g. In the second step 200 pl of the supernatants were mixed with 200 ul
chloroform/isoamyl alcohol and again centrifuged for 10 minutes at 16,100 x g. DNA
precipitation took place over night at -20°C after mixing 125 pl of the supernatants
with 100% ethanol and 12.5 yul 5 M Na-acetate, pH 5.0. The DNA was pelleted by
centrifugation for 20 minutes at 16,100 x g and then washed with 70% ethanol. The
pellet was dried and resuspended in 50 pl sterile dH,O. DNA quantification was done

by using 10 pl for real-time-PCR.
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2.4.3.2 DNA extraction from mouse tissues

Organs obtained from killed Balb/c mice were homogenised, 50 pl resuspended in
310 ul dH,0 and 40 ul 10 x TES8 buffer (0.01 M Tris-HCI, 0.001 M EDTA, pH8). The
suspension was heated for 30 minutes at 80°C, supplemented with 5 pl lysozyme
(150 mg ml™) and then shaken over night at 37°C. Furthermore 70 pl of 10% SDS
and 2 pl Proteinase K (50 mg ml™) [179] were added and the suspension again
shaken for 2 hours at 65°C. After adding 100 pl of 5 M NaCl and 100 ul CTAB
(10% CTAB in 0.7 M NaCl) the suspension was mixed and then heated for
10 minutes at 65°C. DNA extraction was done in three steps first by adding 700 ul
chloroform/isoamyl alcohol and mixing followed by 30 minutes centrifugation at
16,100 x g. About 500 pl of the supernatants were afterwards mixed with
phenol/chloroform/isoamyl alcohol and then centrifuged for 10 minutes at 16,100 x g.
For the last step 400 pl of the supernatants were mixed with 400 ul
chloroform/isoamyl alcohol and centrifuged for 10 minutes at 16,100 x g. DNA
precipitation took place over night at -20°C by mixing of the supernatants with
300 pl isopropanol. The DNA was pelleted by centrifugation (30 minutes at
16,100 x g), washed with 70% ethanol, dried and then resuspended in 50 pl sterile
dH,O. DNA quantification was done by using 10 pl for real-time-PCR.

2.4.3.3 DNA quantification by real-time-PCR

Following DNA extraction from infected blood monocytes or mouse tissues the DNA
quantification of intracellularly grown mycobacteria was done by real-time PCR [180].
For this purpose a region of the 85B antigen gene was amplified using the primers
MY85FW and MY85BW [181] (Table 5) together with the FAM/TAMRA-labelled
My85B probe [182] (Table 5). The amount of DNA was determined by using a
standard with an established amount of genomic DNA from M. bovis BCG.

Table 5. Primers used for detection of intracellular grown mycobacteria

: , Ann. Product
Primers Primer sequences .
Temp. size
My85B_FW 5-TCA GGG GAT GGG GCC TAG-3
My85B_BW 5-GCT TGG GGA TCT GCT GCG TA-3 60°C 130 bp
MyQuant (FAM)-TCG AGT GAC CCG GCA TGG GAG CGT-(TAMRA)
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2.5 Animal Experiment

Six female, six-weeks old Balb/c-mice (from Charles Rivers, Rockland, Mass., USA),
per mycobacterial strain and time point, were infected. About 5.0 x 10° bacteria of
M. bovis BCG or M. bovis BCG ARv2626¢::hyg were intravenously injected in the tail
vein. The infected and three non-infected control animals were killed after 17 and
25 days. Liver, lung, lymph nodes and spleens were obtained, fixed in 10% formalin
and histological analysed for tissue changes by members of the Veterinary Medicine
Institute (Freie Universitat, Berlin). Furthermore parts of these organs were
homogenised to calculate the bacterial number by real-time PCR

(see section 2.4.3.3).
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3. Results

Recent investigations indicated that the mycobacterial genes rv2626c and mdp1l from
M. tuberculosis and M. bovis BCG possess virulence associates capabilities which
might be important in the course of pathogenesis.

In order to investigate this matter M. bovis BCG was: A) mutagenised to construct
new strains in which these genes were over-expressed, down-regulated or deleted
and then B) examined if these genetic modifications had some influence on the
viability of the strains and to what extend cells of the innate immune system reacted
on the genetic modifications.

Wherever possible primary cells from human volunteers (as in the case of the
intracellular survival, cytokine and fusion experiments) were used. In cases, where it
was not possible, macrophages from a mouse cell line (for measuring the NO
concentration), Balb/c mice (for intracellular survival) or artificial conditions for the pH
experiment in liquid cultures, which correlates to the internal pH conditions in human
macrophages, were applied.

The experimental setup was chosen to reflect the course of a natural infection
beginning with the phagocytosis of the bacteria by macrophages (pH stress and
intracellular survival experiment), the response of the innate immune system in
particular PBMCs (by measuring the cytokine production) and macrophages
(especially their ability produce nitric oxide compounds, to kill phagocytosed
mycobacteria and to form multinucleated cells). Furthermore the viability of the
deletion mutant was investigated in a mouse model.

The following strains were included in this investigation: M. bovis BCG,
M. bovis ARv2626c::hyqg, M. bovis (pPMV261), M. bovis (pRv2626¢),
M. bovis (pMDP1) and M. bovis (pAs-MDP1). In this context M. bovis BCG was used
as a reference strain for M. bovis ARv2626c¢::hyg whereas M. bovis (pMV261) was
the reference strain for the remaining strains.

This chapter is sub-divided into two sections, one dealing with the mutagenesis and
verification of the genetic modifications of recently generated strains (see section 3.1)
the other with experiments designed to investigate the aforementioned issues

(see section 3.2).
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3.1 Mutagenesis of rv2626¢ and mdpl

3.1.1 Mutagenesis of the rv2626c-gene

3.1.1.1 Confirmation of the deletion mutant M. bovis ARv2626c::hyg

The gene rv2626¢ from M. bovis BCG was replaced by the hygromycin resistance
gene from the plasmid pYUB854 by means of site-directed mutagenesis. In order to
verify the genetic modification about 1 pg DNA from M. bovis BCG and
M. bovis ARv2626c::hyg were digested with the restriction enzymes Apal and Smal.
The DNA was first transferred onto a membrane and then hybridized with the
digoxigenin labelled sequence of rv2626c (amplified from M. bovis BCG) or the
hygromycin resistance gene (amplified from the plasmid pYUB854). The hybridisation
of the rv2626¢ probe confirmed that the gene is present in M. bovis BCG (Figure 5A,
lane 1&2) while no hybridisation was seen (Figure 5A, lane 3&4) to confirm that the
gene was absent in M. bovis ARv2626c¢::hyg. The probe for the hygromycin
resistance gene hybridised to pYUB854 (Figure 5B, lane 5) and M. bovis
ARv2626¢::hyg (Figure 5B, lane 8&9) verifying that the hygromycin resistance gene
had replaced rv2626c. At the same time no hybridisation was seen in M. bovis BCG
(Figure 5B, lane 6&7) because wild-type strain does not contain the hygromycin
gene. Therefore the Southern Blot confirmed the deletion of rv2626¢ which was also

confirmed by sequencing and PCR (data not shown).
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Figure 5. Confirmation of the deletion of rv2626¢c in M. bovis ARv2626::hyg by means of
Southern Blot

A) Hybridisation with a probe covering the gene rv2626c¢, B) hybridisation with a probe covering a part
of the hygromycin resistance gene; Lane 1, 6) M. bovis BCG digested with Apal; Lane 2, 7) M. bovis
BCG digested with Smal; Lane 3, 8) M. bovis ARv2626c::hyg digested with Apal, Lane 4, 9) M. bovis
ARv2626¢::hyg digested with Smal; Lane 5) undigested pYUB854.
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3.1.1.2 Confirmation of the over-expressing strain M. bovis (pRv2626c)

The gene sequence of rv2626¢c was amplified from M. bovis BCG, ligated into the
MCS of the shuttle vector pMV261 and then electroporated into M. bovis BCG. The
resulting strain was named M. bovis (pRv2626¢). The success of the cloning
procedure was reviewed by PCR, sequencing (data not shown) and Western blot

(see Figure 8 and 15).

3.2.1 Mutagenesis of the mdpl-gene

3.2.1.1 Deleting the mdp1l-gene has lethal consequences for M. bovis BCG
Once the gene sequences flanking the mdpl-gene were ligated into pYUB854 the
deletion substrate was isolated and purified by gel extraction and then electroporated
into competent M. bovis BCG bacteria. Although the experiment was repeated
several times, all attempts failed since no colonies had grown on MB-agar plates. It
was therefore concluded that the deletion of the mdpl-gene has lethal consequences
for M. bovis BCG.

3.2.1.2 An over-expression of the mdpl-gene in M. bovis BCG is impossible

In order to generate the mdpl over-expressing strain the constructed plasmid pMDP1
was electroporated into M. bovis BCG. After several electroporations, only four
colonies were grown on selective medium. The plasmid pMDP1 was isolated from
these colonies and the heat shock promoter and the mdpl-gene were amplified by
PCR and further analysed.

PCR products were separated on a 1.0% agarose gel (Figure 6). The bands for the
mdpl-gene using BCG DNA as template (lane 2) and for the PCR product of the
cloned mdpl-gene from pMDP1 (lane 4) were running at the expected heights
(900 bp and 800 bp). Apart from this, the band for the PCR product representing the
promoter region from pMDP1 (lane 3) was running significantly lower than expected
(about 900 bp instead of 1017 bp). Irregularities like these were found in all four

clones.
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For this reason the hsp60 heat shock promoter and the mdpl-sequence from pMDP1
were sequenced, and the results then compared to the respective genes in the

genomic DNA, to acknowledge if these irregularities are the result of mutations.

1000 bp

750 bp

Figure 6. PCR amplificates for validation of the MDP1 over-expression plasmids
Lane 1) 1 kb marker; Lane 2) PCR product of the genomic sequence of mdpl; Lane 3) PCR product
of the promoter region from pMDP1; Lane 4) PCR product of the cloned mdp1-gene from pMDP1.

The amplification of the heat shock promoter hsp60 from the over-expressing plasmid
pMDP1 was done by using the primers pMV261_FW6 and Mb3010c_LF_BW_Xba
(product size: 1017 bp) whereas the sequence of the mdpl-gene on the same
plasmid was amplified by the primers pMV261_FW and pMV261 BW (product size:
800 bp). As control the genomic sequence of the mdpl-gene from M. bovis BCG was
amplified with the primers Rv2986¢c_ko FW_Pst and Rv2986c¢c_ko BW_Sal. See
Figure 7 for a schematic illustration of the amplificated products and the primers

used. All primers used can be found in Table 4.
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PCR product: 1017 bp

pMV261_FW6 Mb3010_LF_BW_Xba

=) &=

plasmid sequence hsp60 promoter mdp1 plasmid sequence

| | > > n
— =

pMV261_FW pMV261_BW

PCR product: 800 bp

Figure 7. Graphic display of the mdp1 over-expressing plasmid pMDP1

The graphic depicts primers which were used to examine the sequences of the heat shock promoter
hsp60 (pMV261_FW6 and Mb3010c_LF BW_Xba) and the mdpl-gene (pMV261_FW and
pMV261_BW) ligated into the MCS of the shuttle vector pMV261.

The PCR products were sequenced and then compared to the existing sequences of
the original plasmid pMV261 and the mdpl-gene using the Blast-Tool from NCBI and
the program Megalign (DNA Star). From these comparisons it was determined that all
four clones displayed deletions in the heat shock promoter hsp60 of pMV261, and
point mutations in the start codon of the mdpl sequence integrated in the multiple
cloning site behind the heat shock promoter (data not shown).

It was therefore assumed that neither of the clones was suitable to over-express
MDP1. This assumption was supported by a protein ELISA which showed identical
protein concentrations for M. bovis (pMDP1) and M. bovis (pMV261) (data not
shown). Since all efforts to generate an over-expression strain or a deletion mutant
failed it was believed that both approaches were impossible and therefore, this part of

the cloning project was no longer pursued.

3.2.1.3 Antisense technique as means of choice to down-regulate MDP1

A recently generated mdpl antisense strain has demonstrably shown to
down-regulate the MDP1 concentration in M. bovis BCG by about 50%. This strain
regulated the growth of M. bovis BCG in broth culture, influenced the aggregation
and increased the persistence in MM6 and J774.A1 macrophages [165].
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3.2 Determination of the virulence associated capabilities of
rv2626¢ and mdpl

3.2.1 Expression of rv2626c in exponential and stationary phase cultures
Standing cultures with a gradually declining oxygen concentration were expected to
induce the DosR regulon which in turn activates the dormancy associated genes
including rv2626c¢ [142]. To confirm the growth conditions were sufficient to activate
the DosR regulon, as shown in the NRP oxygen depletion model defined by Dr.
Wayne [116], M. bovis BCG, M. bovis (pMV261), M. bovis ARv2626c::hyg and
M. bovis (pRv2626¢) were incubated in Middlebrook 7H9 broth. When the cultures
reached the exponential growth phase (OD 2) aliquots were taken and pellets were
frozen at -80°C. The remaining cultures were incubated until they entered the
stationary phase (OD 3). Proteins were isolated from the bacterial pellets and the
expression of Rv2626¢ detected by Western blot analysis.

No band of Rv2626c was seen in M. bovis BCG, M. bovis (pMV261) and
M. bovis ARv2626¢::hyg under the conditions of the exponential growth phase
(Figure 8, lane 1-3). This means that the DosR regulon on one hand is not active and
on the other hand rv2626c¢c is not regulated otherwise. In the case of M. bovis
(pRv2626¢) the rv2626c¢c-gene was cloned behind the hsp60 heat shock promoter,
which is constitutively active, that is why Rv2626¢ was expressed in this strain even
in exponentially grown cultures (Figure 8, lane 4).

Proteins which were isolated from stationary phase cultures and used for Western
blotting showed bands in all strains (Figure 8, lane 5, 6 & 8) except
M. bovis ARv2626¢::hyg (Figure 8, lane 7) where the gene was deleted. It was
therefore not only proven that the growth conditions under stationary phase induced
the expression of rv2626c, it was also demonstrated that the deletion of this gene in
M. bovis ARv2626c::hyg was successful. The culture conditions were therefore

maintained to cultivate bacteria which were later used for infection experiments.
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A) Exponential phase B) Stationary phase
(OD2) (OD3)
1 2 3 4 5 6 7 8

(- - - <>

Figure 8. Expression of Rv2626¢ during A) exponential (OD2) and B) stationary growth phase
(OD3) by means of Western blotting

All strains were grown in Middlebrook broth until they had reached the desired growth phase. 50 pg of
total protein from M. bovis BCG, M.bovis ARv2626c::hyg, M. bovis (pMV261) and
M. bovis (pRv2626c) were separated in a 10% SDS-PAGE, transferred onto a PVDF membrane and
incubated with a polyclonal rabbit antiserum against a peptide from Rv2626¢c. Lane 1, 5) shows
M. bovis BCG, Lane 2, 6) M. bovis (pMV261), Lane 3, 7) M. bovis ARv2626c::hyg and Lane 4,8)
M. bovis (pRv2626c).

3.2.2 Adaption of mutagenised M. bovis BCG strains to low pH

To see whether the genes rv2626¢ and mdp1l are able to manipulate the adaption to
low pH and to simulate the conditions inside the phagosomes M. bovis BCG,
M. bovis (pMV261), M. bovis ARv2626¢c::hyg, M. bovis (pRv2626¢), and M. bovis
(pAs-MDP1) were first inoculated into Middlebrook 7H9/ADC broth until they reached
stationary phase (OD 3). In this growth phase both proteins were expressed
(Figure 8) [172]. The bacteria were then transferred in fresh neutral (pH 7) and
acidified Middlebrook 7H9/OADC broth (pH 5.3). Once a week samples for OD and
ATP measurement were taken over a period of 42 days to measure the growth of the

strains.
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3.2.2.1 Rv2626c¢ influences the adaption of BCG to low pH

By comparing the growth curves of M. bovis (pMV261) and M. bovis (pRv2626¢) in
medium with neutral pH (7) and low pH (5.3) it became evident that the
over-expression of Rv2626c had a negative effect on the growth of
M. bovis (pRv2626c¢). Both strains showed an identical growth over the first seven
days when inoculated in neutral medium. From then on M. bovis (pMV261) showed
an accelerated growth compared to M. bovis (pRv2626c). With increasing age of the
cultures the adverse effect of the over-expression of Rv2626c¢ lessened and after
42 days both strains reached nearly an identical cell density (Figure 9A).

In medium with low pH (Figure 9B) the over-expression of Rv2626¢c hampered the
growth of M. bovis (pRv2626c¢). The turbidity of the culture did not change much over
a period of 28 days. From then on it increased until day 42 but the cell density
reached only one third of M. bovis (pMV261).
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Days after inoculation Days after inoculation
- M. bovis (pMV261) - M. bovis (pMV261)
-+ M. bovis (pRv2626¢c) -+ M. bovis (pRv2626c)

Figure 9. Adaptation of M. bovis (pMV261) and M. bovis (pRv2626c) to pH stress measured by
oD

In Middlebrook broth grown cultures of M. bovis (pMV261) and M. bovis (pRv2626c), having reached
stationary growth phase were inoculated into A) neutral media (pH 7) and B) media with pH 5.3.
Statistical analyses were done using a two-tailed, paired student’s t-test. Results are expressed as
mean with standard deviations, each value representing three cultures. This experiment was repeated
three times with similar results. A P value <0.05 was considered significant (*) and a P value <0.01

was considered very significant (**).
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To get a better overview, an ATP quantification method was additionally used to
measure the growth rate of metabolically active bacteria. The results obtained for
neutral pH conditions were less obvious than the ones measured by OD but showed
the same tendency.

Under both conditions M. bovis (pRv2626c¢) reached lower Relative Light Units (RLU)
values than M. bovis BCG (Figure 12 A&B). In the case of the pH 5.3 the RLU values
for M. bovis (pMV261) were two-fold higher than for M. bovis (pRv2626c). This result
impressively underscores the problems of M. bovis (pRv2626c¢) to adapt to pH stress
(Figure 10B).
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= M. bovis (pRv2626c¢) = M. bovis (pRv2626c¢)

Figure 10. Adaptation of M. bovis (pMV261) and M. bovis (pRv2626c) to pH stress measured by
ATP gquantification

Middlebrook broth cultures of M. bovis (pMV261) and M. bovis (pRv2626c), having reached stationary
growth phase were inoculated into A) neutral media (pH 7) and B) media with pH 5.3. Statistical
analyses were done using a two-tailed, paired student’s t-test. Results are expressed as mean with
standard deviations, each value representing three cultures. This experiment was repeated three
times with similar results. A P value <0.05 was considered significant (*) and a P value <0.01 was
considered very significant (**).
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When M. bovis BCG and M. bovis ARv2626c¢::hyg were inoculated under the same
conditions in media with neutral pH both strains showed identical growth rates
(Figure 11A). This changed when both strains were inoculated in media with pH 5.3.
Here M. bovis ARv2626c¢c::hyg showed a significant growth advantage. Whereas both
strains needed more time to reach higher cell densities, M. bovis ARv2626c::hyg
recovered faster than M. bovis BCG, but at the end both strains had reached almost

identical cell densities (Figure 11B).
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Figure 11. Adaptation of M. bovis BCG and M. bovis M. bovis ARv2626c::hyg to pH stress
measured by OD

In Middlebrook broth grown cultures of M. bovis BCG and M. bovis ARv2626¢::hyg, having reached
stationary growth phase, were inoculated into A) neutral media (pH 7) and B) media with pH 5.3.
Statistical analyses were done using a two-tailed, paired student’s t-test. Results are expressed as
mean with standard deviations, each value representing three cultures. This experiment was repeated
three times with similar results. A P value <0.05 was considered significant (*) and a P value <0.01

was considered very significant (**).
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When analysing the RLU values, it was noticed that the ATP content of
M. bovis ARv2626¢::hyg grown at neutral pH was significantly lower than for
M. bovis BCG on days 7, 14 and 28 (Figure 12A), although the OD measurement
showed identical growth rates (Figure 11A). The same phenomenon was observed
under pH stress conditions where the growth advantage of M. bovis ARv2626c¢::hyg
was less evident according to the ATP measurement (Figure 12B) compared to the
OD measurement (Figure 11B). In summary, the loss of rv2626¢ from M. bovis BCG
has a positive effect on the adaption to pH stress while the over-expression of

rv2626c¢ hinders pH stress adaption.
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Figure 12. Adaptation of M. bovis BCG and M. bovis ARv2626c¢c::hyg to pH stress measured by
ATP quantification

In Middlebrook broth grown cultures of M. bovis BCG and M. bovis ARv2626c::hyg having reached
stationary growth phase were inoculated into A) neutral media (pH 7) and B) media with pH 5.3.
Statistical analyses were done using a two-tailed, paired student’s t-test. Results are expressed as
mean with standard deviations, each value representing three cultures. This experiment was repeated
three times with similar results. A P value <0.05 was considered significant (*) and a P value <0.01

was considered very significant (**).

-48-



RESULTS

3.2.2.2 MDPL1 influences the adaption of BCG to low pH

In medium with neutral pH (7) M. bovis (pAs-MDP1) showed an accelerated growth
and reached a higher cell density than M. bovis (pMV261) (Figure 13A). This
advantage was reversed under low pH conditions where the antisense strain proved
incapable to grow whereas it took M. bovis (pMV261) 14 days to adapt to the low pH
conditions and start growing (Figure 13B). After 42 days, M. bovis (pMV261) almost
reached the same cell density (OD 2.88) as under neutral pH conditions (OD 3.59)
(Figure 13A). This corresponds to a cell density which is about 20% less than under

normal pH conditions.
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Figure 13. Adaptation of M. bovis (pMV261) and M. bovis (pAs-MDP1) to pH stress measured by
oD
In Middlebrook broth grown cultures of M. bovis (pMV261) and M. bovis (pAs-MDP1) having reached

stationary growth phase were inoculated into A) neutral media (pH 7) and B) media with pH 5.3.
Statistical analyses were done using a two-tailed, paired student’s t-test. Results are expressed as
mean with standard deviations, each value representing three cultures. This experiment was repeated
three times with similar results. A P value <0.05 was considered significant (*) and a P value <0.01

was considered very significant (**).
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The ATP measurement showed similar results for the neutral pH conditions
(Figure 14A). Under low pH conditions the curve progression reflected the OD
measurement (Figure 13B). The RLU values for M. bovis (pAs-MDP1) were 400 fold
less than M. bovis (pMV261), which underlines the fact that this strain is totally
unable to adapt to low pH conditions (Figure 14B).
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Figure 14. Adaptation of M. bovis (pMV261) and M. bovis (pAs-MDP1) to pH stress measured by
ATP quantification

In Middlebrook broth grown cultures of M. bovis (pMV261) and M. bovis (pAs-MDP1), having reached
stationary growth phase, were inoculated into A) neutral media (pH 7) and B) media with pH 5.3.
Statistical analyses were done using a two-tailed, paired student’s t-test. Results are expressed as
mean with standard deviations, each value representing three cultures. This experiment was repeated

three times with similar results. A P value <0.05 was considered significant (*) and a P value <0.01
was considered very significant (**).

3.2.3 Rv2626¢ is expressed under pH stress conditions

Fisher and colleagues [131] recently mimicked the phagosomal acidification by
incubating M. tuberculosis H37Rv for up to 30 minutes in low pH (5.5) conditions.
During a subsequent genome wide microarray research rv2626¢c was not
up-regulated. Since the pH stress experiment indicated a significant influence of
rv2626c¢ on the adaption/survival of M. bovis BCG under pH stress, it was decided to
investigate this phenomenon by Western blotting. M. bovis BCG, M. bovis (pMV261),
M. bovis ARv2626c¢c::hyg and M. bovis (pRv2626c) were therefore cultivated in
medium with neutral pH until all strains reached an ODoo nmy Of 2. Samples were
taken for protein isolation and the rest of the cultures were resuspended in liquid
media with pH 5.3 for 24 and 48 hours respectively.
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Proteins were also isolated from these samples and Rv2626c then detected by
Western blot analysis.

In neutral media the autoradiogram of M. bovis BCG showed low amounts of
Rv2626¢ (Figure 15A, lane 1) and high amounts for the over-expressing strain
M. bovis (pRv2626¢c) (Figure 15A, lane 4). Under the same growth conditions no
protein bands were detected for M. bovis ARv2626¢::hyg and M. bovis (pMV261)
(Figure 15A, lane 2&3).

When the same cultures were transferred into media with pH 5.3 the autoradiogram
confirmed more prominent but consistent strong bands for Rv2626c¢ in M. bovis BCG
regardless whether the culture was grown for 24 or 48 hours under pH stress
(Figure 15B &C, lane 5 & 9). Under the same conditions similar amounts of Rv2626¢
were detected in M. bovis (pMV261) (Figure 15B & C, lane 7 & 11). In the case of
M. bovis ARv2626¢c::hyg the autoradiogram showed no protein bands (Figure 15,
lane 6 & 10). When M. bovis (pRv2626¢) was inoculated into low pH, the
autoradiogram showed two bands indicating that Rv2626¢ exists in two different

forms as predicted by Sharpe and colleagues [151] (Figure 15B & C, lane 8 and 12).
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Figure 15. Confirmation of the over-expression of Rv2626c in M. bovis (pRv2626¢c) and the
expression of Rv2626¢ under pH stress condition by means of Western blotting

The strains were grown in neutral Middlebrook broth until they had reached an OD o nmy Of 2 and were
then transferred in medium with pH 5.3 for 24 and 48 hours. About 30 ug of total protein from
M. bovis BCG, M. bovis ARv2626c::hyg, M. bovis (pMV261) and M. bovis (pRv2626c) were separated
in a 10% SDS-PAGE, transferred onto a PVDF membrane and incubated with a polyclonal rabbit
antiserum against a peptide from Rv2626c¢. Lane 1, 5, 9) shows M. bovis BCG; Lane 2, 6, 10)
M. bovis ARv2626c::hyg; Lane 3, 7, 11) M. bovis (pMV261) and Lane 4, 8, 12) shows
M. bovis (pRv2626c¢). Black arrow) Rv262626c¢ (16 kDa); Red arrow) Rv2626c probably 32 kDa.
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3.2.4 Influence on the intracellular survival in human monocyte-derived
macrophages

Highly pathogenic mycobacteria are known to survive inside acidified phagosomes of
macrophages. Once it was shown that both genes interfered in the adaption/survival
in liquid media at low pH, human monocyte-derived macrophages were infected with
these strains using a MOI of 1. Samples were taken over a period of 5 days,
beginning with 4 hours post infection. To calculate bacterial numbers in lysed
monocyte-derived macrophages their DNA was isolated and then quantified by
real-time PCR.

Analysing the data from three independent experiments with unstimulated
monocytes-derived macrophages infected with M. bovis BCG,
M. bovis ARv2626¢::hyg, M. bovis (pMV261) and M. bovis (pRv2626¢) showed no
significant growth advantage between the strains (data not shown). The experiment
was then repeated with pre-activated monocyte-derived macrophages, but the result
remained the same (Figure 16A & B).

In the case of M. bovis (pAs-MDP1) non-stimulated monocyte-derived macrophages
were used to investigate the influence of MDP1 on the intracellular survival. The
evaluated data indicate that the down-regulation of MDP1 hampers the growth of
M. bovis (pAs-MDP1). The amount of phagocytosed bacteria was identical for both
strains (after 4 hours of infection) but from thereon the bacterial numbers of
M. bovis (pMV261) were increasing, whereas the numbers of M. bovis (pAs-MDP1)
remained stagnant for the test period. At the end bacterial numbers of
M. bovis (pMV261) were fourfold higher than for M. bovis (pAs-MDP1) whose

bacterial numbers compared to the test start were slightly decreased (Figure 16C).
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Figure 16. Intracellular survival of different M. bovis BCG derivates in human macrophages

Monocytes (1,0x10°) from healthy volunteers were pre-activated and infected (MOl 1) with
A) M. bovis BCG and M. bovis ARv2626¢::hyg or B) M. bovis (pMV261) and M. bovis (pRv2626c).
Unstimulated monocytes were infected with C) M. bovis (pMV261) and M. bovis (pAs-MDP1). Infected
monocytes were lysed at day O (after 4 hours), 1, 2, 3 and 5, the DNA isolated and then the amount of
bacteria quantified by real-time PCR. The figures shown depict one representative result from three
independent experiments. The values represent the mean of three infections with the standard
deviation. Statistical analysis was done using a two-tailed, paired student’s t-test. A P value <0.05 was

considered significant (*) and a P value <0.01 was considered very significant (**).

3.2.5 The influence on the secretion of selected cytokines by human
PBMCs

PBMCs from human volunteers were infected with bacteria using a MOI of 1. The
supernatants were taken 24 hours later, frozen at -20°C and measured at a later time
point. Non-infected and non-stimulated PBMCs were used as negative control,
whereas positive controls consisted of LPS and IFN-y stimulated PBMCs. All chosen

cytokines were induced after stimulation with LPS and IFN-y (data not shown).
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3.2.5.1 IL-1B secretion

PBMCs from human donors showed high fluctuations in the IL-13 concentration
between different donors and strains. The experiments concerning the gene rv2626c¢
were repeated eight times. The measured IL-1B concentration in the supernatants
from cultures infected with M. bovis BCG and M. bovis ARv2626c¢::hyg showed only
minor distinctions between both strains (Figure 17A). Contrary to this result PBMCs
showed a strong significant up-regulation of IL-1 (P=0.0061) when they were infected
with M. bovis (pRv2626c) (Figure 17B). Obviously the over-expressing strain induced
such a strong impulse that the PBMCs doubled the amount of IL-18 compared to
M. bovis BCG, M. bovis ARv2626c¢::hyg and M. bovis (pMV261).

The same PBMCs were used for the infection experiments with
M. bovis (pAs-MDP1). The down-regulation of MDP1 in M. bovis obviously caused

changes in the immune recognition which led to a significant down-regulation of IL-13
(Figure 17C).
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Figure 16. IL-1B secretion by infected PBMCs

Human PBMCs (1.0x10°) from different volunteers were infected (MOI 1) with A) M. bovis BCG and
M. bovis ARv2626¢::hyg, B) M. bovis (pMV261) and M. bovis (pRv2626¢) or C) M. bovis (pMV261)
and M. bovis (pAs-MDP1). Supernatants were taken after 24 hours and the amount of IL-18 was
measured by ELISA. The values represent the mean of five independent cultures with standard
deviation. The expression profile was calculated by normalizing to the control strains M. bovis BCG
and M. bovis (pMV261), respectively, and then measuring the percentile deviation of
M. bovis ARv2626¢::hyg, M. bovis (pRv2626c) and M. bovis (pAs-MDP1). Statistical analyses were

done using a two-tailed, unpaired t-test. A P value <0.05 was considered significant (*) and a P value
<0.01 was considered very significant (**).
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3.5.2.2 TNF-a secretion

TNF-a is another pro-inflammatory cytokine which is known to be important for its
ability to promote phagocytosis and intracellular killing of mycobacteria. Experiments
using PBMCs infected with M. bovis ARv2626c::hyg and M. bovis (pAs-MDP1)
showed similar TNF-a concentrations (Figure 18A & C) compared to their control
strains M. bovis BCG and M. bovis (pMV261) which means that neither the loss of
rv2626¢ nor the down-regulation of mdpl had a significant influence on the regulation
of TNF-a. In the case of the over-expressing strain M. bovis (pRv2626c) the
measured TNF-a concentration was significantly higher than for M. bovis (pMV261)
(*P=0.0305). This experiment was repeated seven times, the highest up-regulation
was about 195% (Figure 18B).
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Figure 17. TNF-a secretion by infected PBMCs

Human PBMCs (1,0x10°) from different volunteers were infected (MOI 1) with A) M. bovis BCG and
M. bovis ARv2626¢::hyg, B) M. bovis (pMV261) and M. bovis (pRv2626c) or C) M. bovis (pMV261)
and M. bovis (pAs-MDP1). Supernatants were taken after 24 hours and the amount of TNF-a was
measured by ELISA. The values represent the mean of five independent cultures with standard
deviation. The expression profile was calculated by normalizing to the control strains M. bovis BCG
and M. bovis (pMV261), respectively, and then measuring the percentile deviation of
M. bovis ARv2626¢::hyg, M. bovis (pRv2626¢c) and M. bovis (pAs-MDP1). Statistical analyses were
done using GraphPad Prism 5. A two-tailed, unpaired t-test was used to determine significance of the
expression ratio of the TNF-a concentration. A P value <0.05 was considered significant (*) and a
P value <0.01 was considered very significant (**).
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3.5.2.3 IFN-y secretion

The third investigated pro-inflammatory cytokine was IFN-y which is exclusively
produced by lymphocytes. It was not possible to discern any significant changes in
the IFN-y concentrations. The experiments regarding rv2626¢c were repeated six
times, the experiments regarding mdpl five times. Nevertheless trends to higher
IFN-y concentrations were seen for M. bovis (pRv2626c¢) (Figure 19B) and lower
concentrations in the case of M. bovis (pAs-MDP1) where about 80% of the donors
showed a down-regulation of IFN-y of about 50% (Figure 19C). As in the previous

experiments the loss of rv2626¢ produced similar results as the wild-type strain
M. bovis BCG (Figure 19A).
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Figure 18. IFN-y secretion by infected PBMCs

Human PBMCs (1.0x10°) from different volunteers were infected (MOI 1) with A) M. bovis BCG and
M. bovis ARv2626¢::hyg, B) M. bovis (pMV261) and M. bovis (pRv2626¢) or C) M. bovis (pMV261)
and M. bovis (pAs-MDP1). Supernatants were taken after 24 hours and the amount of IFN-y was
measured by ELISA. The values represent the mean of five independent cultures with standard
deviation. The expression profile was calculated by normalizing to the control strains M. bovis BCG
and M. bovis (pMV261), respectively, and then measuring the percentile deviation of
M. bovis ARv2626¢::hyg, M. bovis (pRv2626c) and M. bovis (pAs-MDP1). Statistical analyses were
done using GraphPad Prism 5. A two-tailed, unpaired t-test was used to determine significance of the
expression ratio of the IFN-y concentration. A P value <0.05 was considered significant (*) and a
P value <0.01 was considered very significant (**).
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3.5.2.4 IL-10 secretion

PBMCs infected with M. bovis ARv2626c¢::hyg displayed no significant differences in
the concentration of the anti-inflammatory cytokine IL-10 compared to the control
strain M. bovis BCG, which was used for normalization (Figure 20A). Contrary to the
loss of Rv2626¢c PBMCs infected with the over-expression strain showed strong
tendencies for up-regulating IL-10 (Figure 20B). In some donors the concentration
was about 450% higher than in M. bovis (pMV261). The experiments regarding
rv2626¢c were repeated six times. In the case of M. bovis (pAs-MDP1) 80% of the
donors showed tendencies for down-regulating IL-10. In some cases the IL-10
concentration was up to 85% less than in M. bovis (pMV261) (Figure 20C).
Experiments regarding the mdpl were repeated five times.
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Figure 19. IL-10 secretion by infected PBMCs

Human PBMCs (1.0x10°) from different volunteers were infected (MOI 1) with A) M. bovis BCG and
M. bovis ARv2626¢::hyg, B) M. bovis (pMV261) and M. bovis (pRv2626¢) or C) M. bovis (pMV261)
and M. bovis (pAs-MDP1). Supernatants were taken after 24 hours and the amount of IL-10 was
measured by ELISA. The values represent the mean of five independent cultures with standard
deviation. The expression profile was calculated by normalizing to the control strains M. bovis BCG
and M. bovis (pMV261), respectively, and then measuring the percentile deviation of
M. bovis ARv2626¢::hyg, M. bovis (pRv2626¢c) and M. bovis (pAs-MDP1). Statistical analyses were
done using GraphPad Prism 5. A two-tailed, unpaired t-test was used to determine significance of the
expression ratio of the IL-10 concentration. A P value <0.05 was considered significant (*) and a
P value <0.01 was considered very significant (**).
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3.5.2.5IL-8 secretion

Human PBMCs infected with M. bovis (pRv2626c) showed a significant
down-regulation (**P=0.0005) of IL-8 (Figure 21B) whereas the loss of rv2626c¢ in
M. bovis Av2626c¢::hyg or the down-regulation of mdpl in M. bovis (pAs-MDP1) had
no significant effect on the IL-8 production in M. bovis BCG (Figure 21A) and
M. bovis (pMV261) (Figure 21C).
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Figure 20. IL-8 secretion by infected PBMCs

Human PBMCs (1.0x10°) from different volunteers were infected (MOI 1) with A) M. bovis BCG and
M. bovis ARv2626¢::hyg, B) M. bovis (pMV261) and M. bovis (pRv2626¢) or C) M. bovis (pMV261)
and M. bovis (pAs-MDP1). Supernatants were taken after 24 hours and the amount of IL-8 was
measured by ELISA. The values represent the mean of five independent cultures with standard
deviation. The expression profile was calculated by normalizing to the control strains M. bovis BCG
and M. bovis (pMV261), respectively, and then measuring the percentile deviation of
M. bovis ARv2626¢::hyg, M. bovis (pRv2626c) and M. bovis (pAs-MDP1). Statistical analyses were
done using GraphPad Prism 5. A two-tailed, unpaired t-test was used to determine significance of the
expression ratio of the IL-8 concentration. A P value <0.05 was considered significant (*) and a
P value <0.01 was considered very significant (**).

3.2.6 The influence on the NO concentration in J774.A1 cells

When human monocytes were used to measure the NO concentration, no NO
production could be detected, even if the cells were pre-activated with LPS and
human IFN-y (data not shown). For this reason the mouse cell line J774.A1 was used
to measure changes in the NO concentration. About 24 hours after infection the NO
concentration in supernatants and freshly prepared standard were measured using
the Griess assay. When mouse macrophages were infected with
M. bovis ARv2626¢::hyg the NO concentration was identical to the wild-type strain
M. bovis BCG (Figure 22A).
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In contrast the infection with M. bovis (pRv2626c) caused a significantly lower NO
concentration (**P=0.0079; Figure 22B). In the supernatants of mouse macrophages
infected with M. bovis (pAs-MDP1) lower concentrations of NO were measured
(Figure 22C) in comparison to M. bovis (pMV261).
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Figure 21. NO secretion by infected J774.A1 macrophages

Mouse macrophages (2.5x10°) were infected (MOl 50) with A) M.bovis BCG and M. bovis
ARv2626c::hyg, B) M. bovis (pMV261) and M. bovis (pRv2626¢) or C) M. bovis (pMV261) and
M. bovis (pAs-MDP1). Supernatants were taken after 24 hours and the amount of NO was measured
by ELISA. The values show one representative experiment out of three with the mean of five
independent cultures with standard deviation. The expression profile was calculated by normalizing to
the control strains M. bovis BCG and M. bovis (pMV261), respectively, and then measuring the
percentile deviation of M. bovis ARv2626c¢::hyg, M. bovis (pRv2626¢c) and M. bovis (pAs-MDP1).
Statistical analyses were done using GraphPad Prism 5. A two-tailed, paired t-test was used to
determine significance of the expression ratio of the NO concentration. A P value <0.05 was
considered significant (*) and a P value <0.01 was considered very significant (**).

3.2.7 Fusion of monocyte-derived macrophages

Having investigated the influence of Rv2626¢c and MDP1 on the cytokine expression
and intracellular survival in human PBMCs and monocytes, it was examined whether
the genes interfere with the ability of monocyte-derived macrophages to fuse with
each other. This characteristic is an important step towards multinucleated cell and
multinucleated giant cell formation seen under experimental conditions or inside
granulomas. First, the most appropriate conditions, notably time point and MOI, were
investigated to achieve reproducible results.
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Figure 22. Ziehl-Neelsen staining of human monocyte-derived macrophages infected with
mycobacteria
The figure shows a multinucleated giant cell (blue arrow) seven days after infection with 19 nuclei

(black arrows) and some phagocytosed bacteria inside (red arrows).

The infection was demonstrated by Ziehl-Neelsen staining, proving that the bacteria
were present in fused cells (Figure 23). Optimal conditions were reached by using a
MOI 1 and a test period of seven days (data not shown).

In order to analyse the effect of rv2626c and mdpl on the fusion process,
monocyte-derived macrophages were isolated from healthy human donors and then
incubated in 24 Tissue Culture Plates. Prior to infection, the wells were washed
several times to get rid of other cell types. Seven days after infection the experiment
was stopped and the fusion index calculated by counting the nuclei present in fused

and non-fused macrophages.

-60-



RESULTS

In the case of M. bovis ARv2626c::hyg the fusion index (FI) reached a value of 16%
which was about 45% higher than for its reference strain M. bovis BCG (FI 11%). On
the other hand the fusion index of M. bovis (pRv2626¢) reached 4%, up to 60% less
than for M. bovis (pMV261). In two of three experiments the fusion index of the
over-expressing strain was even lower than the fusion index of non-infected
macrophages (Figure 24A). In the case of M. bovis (pAs-MDP1) the down-regulation
of MDP1 increased the fusion of monocyte-derived macrophages (FI 15%).

The fusion index was up to 66% higher than seen in M. bovis (pMV261) where the

fusion index reached a value of 9% (Figure 24B).
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Figure 234. Influence of the genes rv2626c and mdpl on the fusion rate of human
monocyte-derived macrophages

About (1.0x10°%) monocyte-derived macrophages from healthy human donors were infected (MOI 1)
with A) M. bovis BCG, M. bovis ARv2626c¢::hyg, M. bovis (pMV261) and M. bovis (pRv2626c) and B)
M. bovis (pMV261) and M. bovis (pAs-MDP1). Macrophages stimulated with human IFN-y and LPS
served as positive control whereas non-stimulated, non-infected monocyte-derived macrophages
served as negative control (A & B). Samples were taken seven days after infection, the cells stained
with Diff-Quick, photographed and the fusion index calculated by dividing the number of nuclei in
multi-nucleated cells by the total number of nuclei multiplied by 100. The figure shows one

representative experiment out of three independent experiments.

Examples of fused monocyte-derived macrophages forming MC and MGC are

depicted in figure 25.

-61-



RESULTS

TRT R K%, Ve ¥
:‘& . s .0 ?‘ .O",.'.
©

.. .
*

"ot - ¥ ng
5. o8 | v |
- %5 ' 0ne” @,

Figure 24. Examples of fused monocyte-derived macrophages which have formed

multinucleated and multinucleated giant cells

Monocyte-derived macrophages infected with different mycobacterial strains (MOI 1).
A) M. bovis BCG, B) M. bovis ARv2626¢::hyg, C) M. bovis (pMV261), D) M. bovis (pRv2626c),
E) human IFN-y and LPS stimulated monocytes (positive control) and F) non-stimulated, non-infected
monocytes (negative control). Seven days after infection the cells were stained with Diff-Quick. Black
arrows represent multinucleated cells (from 3 to 14 nuclei) and red arrows represent multinucleated

giant cells (15 nuclei and upwards).
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3.2.8 The mutantARv2626c::hyg survives better in Balb/c mice than
wild-type BCG

Furthermore the influence of the mutant strain M. bovis ARv2626c¢::hyg was
assessed in an in vivo mouse model. For this reason M. bovis BCG and
M. bovis ARv2626c¢::hyg were used to infect Balb/c mice to see how far the loss of
the gene rv2626c¢ influences the virulence of this strain. Twelve mice were infected
with the M. bovis ARv2626c¢c::hyg and twelve with the M. bovis BCG. After 17 and
25 days six animals of each group as well as three non-infected control mice were
killed and liver, lung, lymph nodes and spleen were removed. Parts of the organs
were homogenised for a M. bovis-specific real-time PCR or fixed and pathologically
examined.

The pathological examination from liver and spleen samples of day 17 revealed that
in three of the six livers infected with the M. bovis BCG granuloma were present. The
granulomas were dominated by histiocytic and granulocytic infiltrates which were in
the periphery surrounded by low numbers of lymphocytes (Figure 25). After 25 days
of infection granulomas were detected in livers and spleens of all mice whether they
were infected with M. bovis BCG or M. bovis ARv2626¢::hyg. The granulomas
investigated in livers showed a mild multifocal, chronic hepatitis whereas the

granulomas in spleens had induced a minimal, multifocal, chronic splenitis.

Figure 25. Early stage of granuloma formation in mouse liver after 17 days of infection, infected

with M. bovis BCG; hematoxylin and eosin stain (HE) and Ziel-Neelsen stained
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.The result of the real-time PCR suggests that M. bovis ARv2626c::hyg is more
virulent when it comes to survival inside the organs of Balb/c mice than
M. bovis BCG. After 17 and 25 days higher numbers of M. bovis ARv2626c¢::hyg were
detected in liver (Figure 26A&B), lung (Figure 26 C&D), lymph nodes (Figure 26 E&F)
and spleen (Figure 26G&H) compared to M. bovis BCG. Although this could be
observed for both time points, the detected bacterial numbers in all infected mice
were much lower after 25 days as compared to 17 days. This suggests that both

strains were equally eliminated during this time interval.
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Figure 26. The loss of rv2626¢ increases the virulence of M. bovis ARv2626c¢::hyg

Twelve Balb/c mice were intravenously infected with 5.0 x 10° bacteria from M. bovis BCG and
another twelve with M. bovis ARv2626c::hyg. After 17 and 25 days six infected mice from each group
and three non-infected mice were killed, their organs removed and dilutions of the homogenized
organs used for real-time PCR. Figure A, B) shows the bacterial numbers isolated from livers,
C, D) from lung, E, F) from lymph nodes and G, H) from spleens after 17 and 25 days. Data shown are
the median of six animals with standard deviation. Statistical analysis was done using a nonparametric
Mann Whitney test. A P value <0.05 was considered significant (*) and a P value <0.01 was

considered highly significant (**).
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4. Discussion

In 1993, WHO declared tuberculosis a global emergency. Despite the
availability of effective chemotherapy the incident cases of tuberculosis are steadily
rising and will do so in future, due to the rapidly increasing world population. The
problem is even more pressing since the appearance of co-infections with HIV and
the emergence of multidrug resistant (MDR) and extensively drug-resistant
tuberculosis (XDR). To find new ways to cure tuberculosis, it is important to
understand the effects of virulence-associated genes and their interactions with the
immune system. For this reason the mycobacterial genes rv2626c and mdpl were
chosen. Both genes had been previously shown to be potentially important for
adaptation processes, in turn allowing the bacteria to survive in the hostile

environment of the host immune system.

Rv2626¢ is one of the most strongly up-regulated open reading frames in the
dormancy survival regulon (DosR) [129, 148]. This regulon is essential for the
adaption to stress conditions, which are thought to be confronted by bacteria under in
vivo conditions. Roupie and colleagues [153] detected very strong T and B cell
responses in BALB/c and C57BL/6 mice against Rv2626c, likewise high serum
antibody responses were discovered in patients with active tuberculosis [156]
whereas M. tuberculosis specific T cell lines showed the potential to elicit cellular
immune responses against Rv2626¢ [146]. These findings led to the conclusion that
this protein is important for stress response and modulation of the host immune
response. Aside from this hypothesis, its biological function remains unclear. It is
thought that Rv2626¢ is useful as antigenic marker of persistent bacteria in dormant
tuberculosis [147].

The mycobacterial DNA binding protein (MDP1) from M. tuberculosis features
properties which connect this gene with characteristics for virulence, intracellular
parasitism and long term persistence like the ability to slow down growth of
M. smegmatis [162]. Contrary to rv2626c, the mdpl-gene is not controlled by the
DosR regulon, its localisation in the mycobacterial cell wall exposes it and makes it

vulnerable to the immune cells of the host.
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The discovery of antibodies in tuberculosis patients [160], in patients with
inflammatory bowel disease [183] and in the serum of animals with clinical
paratuberculosis [184] suggests that this protein might be an interesting candidate as
diagnostic marker and potential drug target. Recent studies performed by our group
indicate that MDP1 influences the growth characteristics in M. bovis BCG [165]. At
that time, the antisense strain M. bovis (pAs-MDP1) was used in which the protein

concentration was traceable down-regulated by about 50%.

Human lung alveolar macrophages come into first contact with inhaled bacteria
in vivo but they are difficult to obtain. To investigate experimental issues like
intracellular survival, it is a common method to use peripheral blood monocytes or
monocyte-derived macrophages isolated from human donors. Buffy coats purchased
from the German Red Cross were collected from anonymous healthy volunteers. At
the beginning of this project blood smears were prepared to see whether the blood
composition corresponded to defined standard conditions. Under standard conditions
leucocytes of adults, seen in the differential blood count, consist of banded
neutrophils (3-5%), segs (54-62%), eosinophils (1-4%), basophiles (0-1%),
monocytes (3-8%) and lymphocytes (25-45%).

Deviations from the standard conditions in number and distribution of the constituent
suggest that the donor might suffer from an unknown disease. Even the
consistency/structure of the blood cells gives some clues about various ailments.
Miniaturised or deformed erythrocytes for example might be a sign for iron deficiency.
Since iron is an obligate cofactor for at least 40 different enzymes, iron deficiency
might not only influence the outcome of tuberculosis, but also the experiments
important for this study.

When it was noticed that the composition of leucocytes in many Buffy coats deviated
from standard conditions, this selection criteria was ignored and the Buffy coats used
for infection experiments. By this means, it was tolerated that results might be much
more volatile than using only Buffy coats where the composition of leucocytes
corresponds to the standard conditions. Although the density gradient centrifugation
iIs a particular robust method for PBMCs isolation, donor depending varying cell
populations cannot be avoided. These variations in leukocyte composition might

influence the outcome of some experiments especially the cytokine expression.
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The composition of monocyte-derived blood macrophages obtained from isolated
PBMCs by Percoll gradient centrifugation leads to more consistent results since
washing steps prior infection guarantee that only adhered macrophages stayed
behind ready for infection.

For investigating the virulence associated properties of the genes rv2626¢ and
mdpl, it was decided that a differential gene expression in M. bovis BCG by
up-regulation, down-regulation and site-directed mutagenesis would be the best way.
Genetic manipulations in the genus Mycobacterium, especially slow growing
mycobacteria like M. bovis BCG or M. tuberculosis, are time consuming and very
frustrating. A wide range of factors complicate this procedure in particular the thick
and waxy cell wall, the nature of the transforming DNA, the selectable marker, the
growth medium, the conditions of electroporation, the used strains/species [185] and
as well as the high GC-content of the genome [186]. lllegitimate recombinations are a
special problem associated with site-directed mutagenesis. Linear fragments have a
frequency of 10™ to 10™ to jump into illegitimate sites throughout the mycobacterial
genomes [187] resulting in wrong positive results. In these cases colonies grow on
selection agar, but the gene of interest is not deleted. Another problem is that most
molecular techniques were optimised for far related species like E. coli or
Bacillus subtilis, nevertheless electroporation is the method of choice for

mycobacteria.

Batoni and colleagues [188] first introduced the hsp60 promoter from
M. bovis BCG into a clinical isolate of M. avium (strain NSN 94) as a tool for growth
experiments in broth cultures which is also works for mycobacteria present inside
murine macrophages. For the over-expression strain the coding sequence of rv2626¢
encompassing 432 bp, was cloned behind the hsp60 promoter of the shuttle vector
pMV261 which constitutes a strong constitutive promoter. Once the sequence of the
over-expressing plasmid pRv2626c was monitored by sequencing, the plasmid was

transformed into M. bovis BCG and the new strain named M. bovis (pRv2626c¢).
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To construct the deletion mutant of M. bovis BCG a two step cloning procedure

was used. The down-stream (1209 bp) and up-stream region (1090 bp) of rv2626¢
were amplified by PCR. The linear fragments were then successively cloned into two
separate multiple cloning sites on the cosmid pYUB854 flanking the hygromycin
resistance gene cassette for later selection.
Care was taken to ensure that the same orientation for both sequences remained
unchanged. The linear recombination substrate, consisting of the hygromycin
resistance gene framed by the complete DNA sequences of rv2625c and rv2627c
adjacent to rv2626c¢c, was electroporated into M. bovis BCG. The deletion of rv2626¢
in M. bovis was investigated by Southern Blot analysis. For this purpose DNA from
M. bovis BCG and M. bovis ARv2626c¢::hyg was digested, transferred onto a
membrane and then hybridized with the digoxigenin labelled sequence of rv2626¢
which was amplified from M. bovis BCG. The bands appearing on the autoradiogram
confirmed the success of the homologous recombination. The new strain was named
M. bovis ARv2626c¢::hyg.

Next it was investigated if the chosen culture conditions met the right conditions
needed to activate the DosR regulon which also includes rv2626c¢. For this purpose
M. bovis BCG, M. bovis ARv2626c¢::hyg, M. bovis (pMV261) and M. bovis (pRv2626c¢)
were grown to exponential and stationary phase, proteins were isolated, separated
by SDS-PAGE and then, using a polyclonal rabbit antiserum, detected by Western
blotting. In the case of M. bovis (pRv2626c) the autoradiogram showed equal
amounts of Rv2626c in exponential and stationary phase cultures. This is because
the hsp60 heat shock promoter of the over-expressing shuttle vector pRv2626c is
constitutively active. On the other side Rv2626¢c was not expressed in exponential
phase cultures of M. bovis BCG, M. bovis ARv2626c¢::hyg or M. bovis (pMV261). This
changed in stationary phase cultures, where high amounts of Rv2626c¢ were detected
in M. bovis BCG and M. bovis (pMV261) but not in M. bovis ARv2626c¢::hyg.

The deletion of rv2626¢ was not only confirmed a second time but the experimental
setup also proved that the chosen cultivation method corresponds roughly to the
“NRP oxygen depletion model” defined by Dr. Wayne [116].
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The up-regulation of rv2626¢ under culture conditions was important since infection
experiments should be carried out with bacterial strains in which the DosR regulon
and rv2626c¢ are active.

This is particularly important for short-lived experiments like the cytokine
experiments. Consequently, the bacterial strains were grown to stationary phase
before they were frozen for later use in infection experiments to investigate the

possible virulence associated capabilities of this protein.

The mutagenesis of the mdpl-gene followed the same cloning procedure as for
rv2626c¢. In the case of the over-expression strain the coding sequence of mdpl,
encompassing 645 bp, was cloned behind the hsp60 promoter of the shuttle vector
pMV261. Once electroporated into M. bovis BCG the result was examined by
isolating pMDP1 from grown colonies followed by sequencing. It turned out that all
gene sequences displayed partial deletions in the hsp60 promoter of the shuttle
vector, showed point mutations in the start codon of the cloned mdpl-gene or
partially deletions in the coding mdpl-sequence. This indicates that a strong
over-expression of MDP1 might have harmful or lethal consequences for M. bovis
BCG.

Similar problems were expected when it came to the deletion of the mdp1-gene.
Since the protein content of MDP1 totals roughly 7 to 10% of total proteins [158], it
was assumed that the mdpl-gene might be essential for the survival of
M. bovis BCG. Due to the fact that Chen and colleagues [189] reported the
successful accomplishment of a mdpl deletion mutant in M. bovis BCG, it was
decided to generate a deletion mutant using the same approach and cosmid as for
the rv2626¢c deletion mutant. The down-stream (1210 bp) and up-stream region
(1091 bp) of the mdpl-gene were amplified and then successively cloned into the
cosmid pYUB854. The recombination substrate was electroporated in M. bovis BCG.
Despite several attempts, no colonies were growing on the plates. This result was
taken as confirmation that mdpl is essential for the bacterial survival. Due to the
complete failure to manipulate the mdpl-gene by over-expression and deletion this
experimental approach was discarded and the antisense strain M. bovis (pAs-MDP1)

used to further analyse the virulence associated properties of mdpl.
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The antisense technique is an alternative method to assess the importance of genes,
especially when mutagenesis proved lethal or when it comes to repress genes which
are present in several copies.

In past, the antisense technique contributed to the clarification of the function of
many mycobacterial genes like the repression of ahpC from M. bovis [190], dnaA
from M. smegmatis [191], FAP-P from M. avium subsp. paratuberculosis [192] or
pknF from M. tuberculosis [193].

For creating the pAs-MDP1 antisense plasmid a 113 bp fragment of BCG-DNA was
amplified, covering the first 102 bp of the coding sequence from the mdpl-gene and
11 bp of the untranslated upstream region containing the Shine-Dalgarno Sequence.
This antisense fragment was cloned into the multiple cloning site of the shuttle vector
pMV261 and than introduced in M. bovis BCG. Western blot and ELISA from
aerobically grown cultures proved a strong down-regulation of mdpl1 [165].

Once the cloning experiments were completed the strains were investigated in
liquid cultures under conditions mimicking the acidic conditions of the phagosomal
(pH 5.3) compartment. Alveolar macrophages are known to contain phagocytosed
mycobacteria in a rapidly acidifying phagosome. Depending on the activation state of
the macrophages the pH ranges from 4.5 to 6.2 [26, 194] and is thought to be
essential for mycobacteria to activate virulence factors needed for long-term survival.
Some pathogens are known to survive better in acidic phagosomes, known examples
are Legionella pneumophila [195] and Coxiella burnetii [196, 197], whereas
Trypanosoma cruzi, recruits lysosomes as an integral part of the invasion strategy
[198].

Since mycobacteria are known to form aggregates which might give unreliable
results in the OD measurement growth cultures and pH stress experiments were
monitored by OD and ATP measurement [165]. To determine the number of viable
bacteria the BacTiter-Glo™ Microbial Cell Viability Assay was used since the
formulation of this reagent lyses bacterial cells and measures the amount of the ATP
present. Since ATP is an indicator of metabolic active cells the problem with clumping

was solved and the results an indicator for living cells in the culture.
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DISCUSSION

The outcome of this experiment showed that a manipulation in the gene

regulation of rv2626 in liquid cultures interferes in the adaption/growth regulation
under low pH conditions. Whereas the deletion mutant showed a strong growth
advantage compared to M. bovis BCG, the over-expression of rv2626c¢c caused
severe problems adapting to acidic conditions.
The reasons for this result are a matter of speculation, since little is known about
rv2626¢ and its functions. Sharpe and colleagues [147] localised the protein within
the bacteria by immunogold electron microscopy, so the result may indicate that this
protein has some vital intracellular function, which is important for the
adaption/survival of the bacteria in an acidic environment. Nevertheless, this outcome
was notable since rv2626¢ was inconspicuous in pH stress experiments shown by
Fisher and colleagues [131] when they exposed M. tuberculosis H37Rv for 15
minutes to acidified media (pH 5.5). To scrutinise the aforementioned experiment the
same strains were once more exposed to pH stress, this time for only 24 and 48
hours and the outcome analysed by Western blot. Contrary to the predominating
opinion the result confirmed the assumption that rv2626c¢ is up-regulated under low
pH conditions, since stronger bands were detected in protein preparations of
M. bovis BCG and M. bovis (pMV261). In the case of M. bovis (pRv2626¢c) one more
protein band was detected proving the existence of the described monomer (16-kDa)
and dimer (approximately 32-kDa) of Rv2626¢ [151].

Investigating the influence of MDP1 under different pH conditions, it turned out
that the MDP1-antisense strain under neutral conditions benefitted from the down-
regulation. This trend reversed when M. bovis (pAs-MDP1) was grown in low pH
conditions. Recent investigations regarding MDP1 have shown that this protein is not
only retained in the cell wall, but is also important for glycolipid biosynthesis, cell wall
biogenesis [172] and iron binding [160, 199]. Therefore various possible reasons
might explain the outcome of this experiment. It is known that only an intact cell wall
acts as an effective barrier against the entry of protons. Together with proton pumps
[200], production of ammonia and amino acid decarboxylation [201], mycobacteria
retain an almost neutral internal pH, even though the external pH dropped to pH 5
[202]. As it was recently shown, the MDP1 concentration in M. bovis (pAs-MDP1) is
down-regulated by about 50% [165], so it seems very likely that the cell wall

composition is also affected.
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A non-intact cell wall might promote the influx of protons interfering in the adaptation
of M. tuberculosis to the host niche and might explain why M. bovis (pAs-MDP1) was
unable to adapt or grow in this acidic surrounding.

Whereas it has become apparent that rv2626¢c and mdpl are somehow
involved in the adaption/growth regulation under pH stress, their role in the acidic
phagosomal environment of infected monocyte-derived macrophages was tested.
Since the clumping of M. bovis BCG complicates the determination of infective doses
and makes cfu-counting unreliable, the bacterial number was measured by real-time
PCR. This was particularly important since it was recently shown that the lower
amount of MDP1 on the surface of the bacteria reduced clumping and decreased
stability of aggregates of M. bovis BCG (pAs-MDP1) [165] which is why more
colonies grow on agar plates, distorting the cfu-counting. This real-time PCR method
was recently used by Roch and colleagues [203] to evaluate the quantification of

other intracellular bacteria in macrophages, such as Legionella pneumophila.

In the case of Rv2626¢ the evaluation of the intracellular survival experiment
proved that the outcome of the pH stress experiment in liquid cultures could not be
transferred on infected monocyte-derived macrophages. Whereas M. bovis
ARv2626¢::hyg and M. bovis (pRv2626c¢) reacted differently to pH stress in liquid
cultures, the real-time PCR detected similar bacterial numbers isolated from
macrophages. The experiment was therefore repeated with pre-activated
macrophages, but the result remained the same. None of the strains showed a
significant growth advantage or disadvantage surviving inside macrophages so the

significance of rv2626c¢ for intracellular survival remains unclear.

Otherwise M. bovis BCG (pAs-MDP1) confirmed the expectations regarding the
pH stress in liquid cultures, even without pre-activating the macrophages. Whereas
M. bovis (pMV261) showed a significant growth advantage in blood-derived
macrophages the bacterial numbers of the antisense strain detected by real-time
PCR dropped slightly under the initial value. The outcome of this experiment is
contradictious to other results which were previously obtained in MM6 and J774.A1

macrophages, where the antisense strain showed an enhanced growth [165].
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The experiments in MM6 and J774.A1 macrophages were performed with bacteria
which had grown to OD(600 nm) 2 and not to OD3(600 nm). Furthermore primary
monocytes and cell lines, such as MM6, U-937 or THP-1 have different properties at
their disposal, e.g. biochemical markers which are differentially regulated or even
absent (e.g. lysozyme, CD14, MHC class Il) and sometimes exhibit deregulations in
the immune signaling [204]. Taken together this might explain the outcome of these

contradictious results.

Cytokines play a pivotal role for the intercellular communication and activation
of the adaptive immune response. There are good reasons to believe that rv2626¢
and mdpl might interfere in the adaptive immune response.

Whereas Rv2626¢ is a secretory protein known to bind on the cell surface of murine
macrophages [147, 154], MDP1 is localized in the mycobacterial cell wall [162, 172].
The detection of antibodies against these proteins in the sera of tuberculosis patients
[154, 160] underlines this assumption. For this reason it was decided to investigate
the expression of five of the most important cytokines in the supernatants of infected
human-derived PBMCs. The chosen cytokines (IL-183, IFN-y, TNF-qa, IL-10 and IL-8)
are responsible for the activation of the adaptive immune system; they hamper the
proliferation of pathogens and protect host cells from destructive reactions induced
by inflammatory responses.

The investigations concerning the deletion mutant have impressively shown that the
loss of rv2626c¢ in M. bovis BCG remains without consequences for the secretion of
all selected cytokines. This observation is confirmed by the fact that the induced
amount of all five cytokines secreted by PBMCs infected with M. bovis BCG and
M. bovis ARv2626c::hyg were approximately identical to each other. Otherwise the
secretion of Rv2626c¢ by M. bovis (pRv2626c¢) has shown to strongly interfere with the
immune response of infected PBMCs.

In this context high levels of IL-138 were measured in the supernatants of PBMCs
infected with M. bovis (pRv2626¢). Although it is known that IL-1f3 is responsible for
T cells activation followed by IFN-y secretion [205], no elevated concentration of
IFN-y could be measured in the supernatants of infected PBMCs.
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For TNF-q, it was demonstrated that the over-expression of Rv2626c¢ induced a
strong up-regulation of this pro-inflammatory cytokine, known to be crucial for
antimycobacterial immunity. In this context the observations of Bashir and colleagues
[154] were approved who described the same effect in the context of recombinant
Rv2626¢ and mouse macrophages.

Since M. tuberculosis triggers much lower amounts of TNF-a, GM-CSF and IL-6 than
non-pathogenic species of mycobacteria [206], it can be assumed that the
up-regulation of IL-1B together with TNF-a might have severe consequences for
pathogens, a fact which could not be observed in the intracellular survival
experiment.

At the same time a strong tendency toward the up-regulation of IL-10 was noticed. In
the case of PBMCs infected with M. bovis (pRv2626c) the concentration of IL-10
reached maximum levels of up to 450% compared to M. bovis (pMV261).

(This result was not significant since the number of experiments was too low which is
why a single discordant experiment was sufficient to ruin the whole statistic.) As a
potent antagonist of pro-inflammatory cytokines IL-10 is responsible for the
down-regulation of IFN-y, TNF-a, and IL-12 [207, 208]. Based on the observations it
is impossible to determine if the measured up-regulation of IL-10 is sufficient to
antagonise the predicted effect induced by the up-regulation of IL-1B and TNF-q, as
seen in the case of the over-expression of Rv2626¢. This is important because it is
well known that any disturbance of the balance between pro-inflammatory and anti-
inflammatory cytokines might have severe consequences for the host. For instance,
is known that blocking the IL-10 receptor in mice, e.g. by antibodies, leads to a better
clearance of infection [80], otherwise infections with persistent or TNF stimulating
pathogens, like M. tuberculosis [209] or T. gondii [210] might end in a
pro-inflammatory-associated death.

IL-10 is also crucially involved in the outcome of tuberculosis because it inhibits the
IL-8 secretion so that the influx of inflammatory cells to the infection site is reduced.
Recent investigations have revealed that PBMCs infected with M. bovis (pRv2626c¢)
induce considerably lower concentrations of I[L-8 than the reference strain
M. bovis (pMV261). If this is caused by the up-regulation of IL-10 or if this process is
directly influenced by Rv2626c remains unclear. IL-8 is usually induced by
phagocytosis or by stimulation with LAM [85, 211], LM and PIMs [101, 106].
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The down-regulation of IL-8 might result in an reduced inflammation seen in a lesser
degranulation by activated neutrophils [86]. Such interference in the IL-8 production
might lead to problems for granuloma formation, an important step to control the
dissemination.

It is known that several bacterial components are strong inducers of pro- and anti-
inflammatory cytokines such as IL-1B, TNF-a and IL-10. Mycobacterial lipoproteins,
the mycobacterial cell wall component lipomannan or antigens from Yersinia [80] are
just a few examples but what they all have in common is that their expression is
TLR2 mediated. Seeing the strong up-regulation of these cytokines by the over-
expression strain M. bovis (pRv2626¢c), it seems possible that secretory protein
Rv2626¢c somehow interacts with TLR2. Recent investigations with recombinant
Rv2626¢ support this thesis by demonstrating the interaction of this protein with
murine macrophages [154].

The down-regulation of MDP1 in M. bovis BCG has far fewer consequences on
the cytokine expression of infected PBMCs. Only IL-18 was down-refulated
considerably whereas all other investigated cytokines displayed concentrations which
were approximately identical to the measured values of the reference strain
M. bovis (pMV261). Although it was not investigated to which extend the down-
regulation of MDP1 interferes with the cell wall composition of M. bovis BCG, recent
investigations have proven that it affects the aggregation of this strain [165]. Katsube
and colleagues [172] have furthermore shown that MDP1 controls the transfer of
mycolic acids to sugars by Ag85 complex proteins thus modifying the cell wall
composition of M. smegmatis and M. bovis BCG. Mycolic acids are known to be
recognition patterns responsible for the activation of Toll-like receptor (TLR) 2 and
TLR4 [212]. It therefore seems likely that the down-regulation of MDP1 changes
molecular patterns of the mycobacterial cell wall and might accordingly be
responsible for the decreased IL-1p response seen in PBMCs infected with
M. bovis (pAs-MDP1).

Beside the investigated cytokines, NO is another important factor which is
induced by macrophages hosting a strong immune response against M. tuberculosis.
Investigations about nitric oxide induction have led to contradictory results about the
role of NO in humans [96, 213].
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Therefore the NO expression was measured in the murine cell line J774.A1, where
the bactericide effects against M. tuberculosis have been proven [94]. The results
regarding the effect of rv2626¢ on the NO expression revealed conflicting data with
respect to recent publications.

Whereas the deletion mutant, similar to the cytokine experiments, had no influence
on the NO expression compared to M. bovis BCG, the over-expressing strain
revealed lower NO concentrations in the supernatants of activated J774.A1 mouse
macrophages. Bashir and colleagues [154] attested that recombinant Rv2626c¢ up-
regulates the INOS expression and NO production in murine macrophages. Whereas
crystallization studies of Sharpe and colleagues [151] proved the existence of a
SDS-resistant Rv2626¢ dimer (approximately 32-kDa) and monomer (16-kDa), this
dimer appears to be missing in purified recombinant Rv2626c¢ from Bashir [154]. In
the present study, Western blot analysis using pH stress cultures from
M. bovis (pRv2626c) showed a second band above the 16-kDa band. The missing
dimer in the study of Bashir might indicate that recombinant Rv2626c, expressed in
E. coli, did not form the dimer structure.

This might be an indication that Rv2626c is post-translational modified and that
monomer and dimer might have different stimulatory properties. At this point it is
impossible to say to what extent the contradictory results concerning the NO
expression in mouse macrophages are the consequence of structural differences in

the secretory protein Rv2626c¢.

The results regarding the NO production in mouse macrophages, indicate that
M. bovis (pAs-MDP1) induces lesser concentrations of NO than the reference strain.
This observation consistent with studies of Kamijo and colleagues [93] who reported
that inflammatory cytokines like IL-1B, IFN-y and TNF-a control the NO production.
Furthermore, it is known that lipopolysaccharide (LPS) can induce iNOS expression
[214]. Recent investigations have shown that M. bovis (pAs-MDP1) not only induces
less amounts of IL-13 but also participates in the cell wall composition by influencing
the aggregation of M. bovis BCG [165]. Both observations might explain why the NO
concentrations in  mouse macrophages are down-regulated. Decreasing
concentrations of NO might have severe consequences for M. tuberculosis infections
as several groups have shown in NO synthase 2 gene knock out (NOS2 KO) mice

where infections resulted in fatal consequences [215].
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The ability of macrophages to form multinucleated giant cells by cell fusion is a
long known fact. MGC were first discovered in 1868 by Langhans in conjunction with
tuberculous granulomas [108]. Since then their existence and function is
controversially discussed ranging from redundant and insufficient for killing
mycobacteria to useful when it comes to removing or degrading tissue irritants. MGC
are found in granulomas and thought to be essential for the normal host defence
mechanisms whereas their absence, e.g. in AIDS patients infected with
M. avium intracellulare [216], is seen as an indicator for an ineffective host immune
response.

Once it has been proven that the mutagenised strains influence the intercellular
communication, the ability of these strains to interfere in the characteristic MC or
MGC formation, characterised by the fusion of monocytes/macrophages, was tested.
Gasser and colleagues [111] had shown that the fusion rate in vitro depends on the
ratio of macrophages and infecting bacteria. Higher bacterial numbers induce higher
fusion rates, but are also responsible for a higher cell loss.

Close contact between macrophages and mycobacteria as well as surface
molecules, especially adhesion molecules, are of vital importance [111]. By definition
MCs consists of clusters of three to fourteen cells whereas larger aggregations,
fifteen nuclei and upwards, are referred as MGCs. Lay and colleagues [109] have
impressively demonstrated that high pathogenic mycobacteria like M. tuberculosis
induce the formation of MGC, meanwhile Nontuberculous mycobacteria (NTM), like
M. avium and M. smegmatis, induce only small MCs. When it comes to MGC
formation M. bovis BCG showed an intermediate profile.

So it was important to test the optimal bacteria/cell ratio and time span which was
thought to be necessary to induce MC formation. These tests proved that a ratio of
1:1 and a time span of seven days would be optimal for investigation. Furthermore
artificially activated and untreated, non-infected macrophages were used as controls
to better assess the experimental outcome. The influence of Rv2626¢ on the MC
formation was considerable. The deletion of rv2626c¢ not only resulted in much higher
fusion rates than in M. bovis BCG and stimulated macrophages, there were also
more MGCs with more nuclei per cell. In contrast, the over-expression of Rv2626¢
led to severely decreased fusion rates, these sometimes dropped below the fusion
rates of non-infected, non-stimulated macrophages.
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Recently performed cytokine experiments, especially for the deletion mutant, are of
no help when it comes to explaining this result. The tested immunoregulatory
properties of PBMCs infected with M. bovis ARv2626c¢::hyg remained unchanged in
absence of Rv2626c compared to M. bovis BCG. Rv2626¢ obviously has some
influence on the MC and MGC formation, but does this mean that this protein directly
or indirectly regulates the fusion of macrophages? Puissegur and colleagues [217]
have recently shown that mycobacterial components like glycosylated lipids in the
cell wall induce the granuloma MGC formation by binding to TLR2.

Although MGC have lost their ability for phagocytosis, they retained all other
characteristics of activated macrophages [218, 219], display similar NADPH oxidase
activities [146] and are equipped with increased antigen presenting abilities
[146, 220]. Considering that the whole process of MGC formation in vitro under
optimal conditions takes only 18 hours [221] to three days [111], delaying the fusion
process would give mycobacteria some time to change the whole cellular

metabolism, including macromolecular biosynthesis and cell wall assembly.

It is not exactly known how the down-regulation of MDP1 in
M. bovis (pAs-MDP1) interferes with the composition of the mycobacterial cell wall,
so it can only be speculated why this strain induces higher fusion rates in human
monocyte-derived macrophages. In this context it was shown that the IL-1B activation
normally induced by the mycobacterial cell wall component mediated by TLR2, was
decreased in PBMCs infected with M. bovis (pAs-MDP1) and that no other cytokine
was affected. This decreased IL-1B response should result in an attenuated innate
immune response and is not qualified to explain the higher fusion rates. MDP1 is
involved in the process of the synthesis of the cell wall, starting with the transport of
mycolic acids to the Ag85 protein complex [172] followed by the binding of mycolic
acids to trehalose and ending with the synthesis of the trehalose-6-monomycolate
(TMM) precursor (-keto-acyl trehalose) [222]. These trehalose-containing mycolates
are not only strong inducers of a pro-inflammatory cytokine response but also
responsible for granuloma formation [223]. When this process is hampered because
of the down-regulation of MDP1, and when there are not enough mycolic acids
delivered to the cell wall, then the lipoglycans of the cell wall core might get exposed

to receptors on the cell surface of macrophages.
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In this context Puissegur and colleagues [217] have shown that lipoglycans like
phosphatidyl-myo-inositol mannosides (PIMs), lipomannan (LM) and
lipoarabinomannan (LAM) induce the granuloma MGC formation mediated by TLR2.
This assumption might explain how the down-regulation of MDP1 influences the

MGCs formation.

Eventually, an animal experiment to test the virulence of the deletion mutant in
vivo was performed. Mouse models are under discussion since mice have proven to
be an inappropriate model for mycobacterial infections, because they do not show
the whole repertoire of latent infections [224]. Especially investigations for granuloma
formation have been found inadequate because M. tuberculosis induced granulomas
in mice are neither hypoxic nor anaerob [225, 226]. Nevertheless mouse models
helped to understand important cellular parameters of the anti-mycobacterial
response [227] in the past even if they do not show all symptoms of human

tuberculosis.

To investigate the pathogenicity of M. bovis BCG and the deletion mutant
M. bovis ARv2626c::hyg both strains were tested in a mouse model. For this reason
the mice were infected with both strains for 17 and 25 days. Liver, lung, lymph node
and spleen were extracted and bacterial numbers measured by real-time PCR. In
most organs more bacterial DNA were detected in animals infected with the deletion
mutant than in animals infected with M. bovis BCG. Furthermore the wild-type strain
featured granuloma formation already after 17 days, which were missing in the
deletion mutant. At day 25 even more bacterial DNA was found in the deletion mutant
than in M. bovis BCG, but this time granulomas were found in animals infected with
both strains. This result can be interpreted in two different ways. Either the wild-type
strain induces the granuloma formation much faster so that the bacteria reach a
dormant, non-replicating state much earlier or the deletion mutant delayed the
granuloma formation, which is why the bacteria had more time to grow. Regarding
recently conducted cell culture experiments the outcome of this animal experiment is
difficult to interpret because the deletion mutant was unobtrusive in many virulence

associated conditions, e.g. cytokine expression.
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On the other hand this experiment impressively underlines the much discussed
differences between primary human donor-derived cells and animal experiments
[224].

Concluding all experiments it was observed that rv2626¢c and mdpl possess
virulence associated capabilities. Several significant findings like the increased
amount of IL-1B, TNF-a, and IL-10 in human PBMCs, induced by the up-regulation of
Rv2626¢c, or possible changes in the mycobacterial cell wall, induced by the
antisense construct of M. bovis (pAs-MDP1), suggest an involvement of the TLR2.
Corresponding experiments proving a direct or indirect binding of Rv2626¢ to TLR2
or other molecules are missing. In the case of Rv2626¢ investigations regarding the
use of recombinant Rv2626¢ or antibodies against TLR2 or Rv2626¢ should help to

show the influence of the cytokine expression and multinucleated giant cell formation.
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SUMMARY

5. Summary

In 1993, WHO declared tuberculosis a global health emergency. The reasons for this
decision are the high infection rate as well as problems associated with the healing of
tuberculosis. M. tuberculosis is able to survive in an intact immune system over
decades and can be reactivated under certain conditions. The lengthy treatment and
the appearance of multidrug resistant and extensively drug-resistant tuberculosis
strains complicate the healing process. This makes it even more important to find
genes in M. tuberculosis allowing the survival in the human body and to understand
their influence on the interaction with the immune cells.

Against this background, two genes of M. bovis BCG were investigated whose
regulation in M. tuberculosis suggested a potential influence on the course of
infection. By site-directed mutagenesis, over-expression or antisense-technique new
strains of M. bovis BCG were generated in which either the gene rv2626¢c was
over-expressed or deleted or the gene for the “mycobacterial DNA binding protein 1*
(MDP1) was down-regulated. These strains were used for in vitro experiments in
which aspects of the natural infection were simulated.

The present work dealt with investigations using human-derived primary cells, a
mouse cell line and a mouse model. It was shown that both genes possess
virulence-associates capabilities. The secretory protein Rv2626¢ interferes massively
in the cytokine expression of human PBMCs, up-regulating IL-18, TNF-a, and IL-10
and down-regulating IL-8. It reduces the amount of secreted nitric oxide in a mouse
cell line and increases the fusion of human macrophages. On the other hand the
deletion of Rv2626¢ improves the increased survivability in Balb/c mice.

The down-regulation of mdpl is probably responsible for modifications of the
mycobacterial cell wall which is accountable for the down-regulation of IL-18 and
nitric oxide, the decreased survivability in human macrophages and the increased
fusion of human macrophages.

Further trials are needed to find out whether Rv2626¢c and MDP1 are qualified for

new therapeutic approaches or not.
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ZUSAMMENFASSUNG

6. Zusammenfassung

Tuberkulose wurde 1993 von der WHO zu einem globalen Gesundheitsproblem
erklart. Grinde hierfur sind die hohe Infektionsrate sowie Schwierigkeiten bei der
Behandlung von Tuberkulose. M. tuberculosis gelingt es tber Jahrzehnte in einem
intakten Immunsystem zu Uberleben und unter bestimmten Bedingungen wieder
reaktiviert zu werden. Die langwierige Behandlung und das Auftreten von
multiresistenten und extrem resistenten Stdmmen erschweren zudem die
Bekampfung der Tuberkulose. Umso wichtiger ist es Gene zu finden die
M. tuberculosis das Uberleben im menschlichen Koérper ermoglichen und zu
verstehen, wie sie die Interaktion mit Zellen des Immunsystems beeinflussen.

Vor diesem Hintergrund wurden zwei Gene von M. bovis BCG untersucht, deren
Regulation in M. tuberculosis einen mdglichen Einfluss auf den Infektionsverlauf
nahelegten. Mittels gezielter Mutagenese, Uberexprimierung oder Antisense Technik
wurden neue M. bovis BCG Stamme erzeugt, in denen das Gen rv2626c¢
uberexprimiert bzw. deletiert oder im Fall des “mycobacterial DNA binding protein 1*
(MDP1) herabreguliert wurde. Mit diesen Stammen wurden in vitro Versuche
durchgefihrt in denen bestimmte Aspekte der natirlichen Infektion simuliert wurden.
Die in dieser Arbeit durchgefuhrten Untersuchungen mit humanen Priméarzellen, einer
Mauszelllinie und einem Mausmodell haben gezeigt, dass beide Gene Uber
virulenzassoziierte Eigenschaften verfligen. So greift das sekretierte Protein Rv2626¢
massiv in die Zytokinexpression humaner PBMCs ein, indem es IL-18, TNF-a, IL-10
hoch- und IL-8 herabreguliert, Stickstoffoxid in einer Mauszelllinie herabreguliert und
die Fusion humaner Makrophagen foérdert. Auf der anderen Seite fuhrt die Deletion
des Gens zu einer verbesserten Uberlebensfahigkeit in Balb/c M&usen. Die
Herabregulierung von mdpl wirkt sich wahrscheinlich auf eine Weise auf die
Zellwandstruktur aus, die zu einer Herabregulierung von IL-1B und Stickstoffoxid
fuhrt, das intrazellulare Uberleben in humanen Makrophagen vermindert und die
Fusion von humanen Makrophagen férdert.

Weiterfiuhrende Versuche muissen zeigen ob die Rv2626c und MDP1 fir die

Entwicklung neuer Therapieansatze geeignet sind oder nicht.
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8. Attachment

8.1 Abbreviations

AG Arabinogalactan mdpl  mycobacterial DNA binding protein
BCG Bacille Calmette-Guerin 1
bp Basepair MOI Multiplicity of infection
CBS Cystathionine beta synthase MTBC  Mycobacterium tuberculosis
cfu Colony forming units complex
CTAB  Cetyltrimethyl-ammonium-bromid ng Nanogram
DNA Deoxyribonucleic acid NO Nitric oxode
DosR  Dormancy survival regulon NRP Non-replicating persistence
ELISA Enzyme Linked Immunosorbant NTM Nontuberculous mycobacteria
Assay OADC  Oleic acid albumin dextrose
etal. et alia oD Optical density
FAM 6-Carboxyl-Flourescin PBMC  Peripheral Blood Mononuclear
FCS Foetal calve serum Cell
Fi Fusion index PBS Phosphate buffered saline
g Acceleration of gravity PCR Polymerase chain reaction
HIV Human immunodeficiency virus PG Peptidoglycan
hsp60  Heat shock promoter 60 PIM Phosphatidyl-myo-inositol
kb Kilo basis mannosides
kDa Kilodalton PVDF  Polyvinylidene fluoride membrane
LAM Lipoarabinomannan RLU Relative Light Units
LM Lipomannan SDS Sodium dodecyl sulfate
LPS Lipopolysaccharide SDS-  Sodium dodecyl sulfate
mA Milli Ampere PAGE polyacrylamide gel electrophoresis
MC Multinucleated cells TMM Trehalose-6-monomycolate
MCS Multiple cloning site WHO  World Health Organisation

MGC Multinucleated giant cells
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8.2 Plasmid Maps

8.2.1 Plasmid pMV261
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Figure 27. Plasmid pMV261 [173]
E. coli shuttle vector with kanamycin resistance (kanR) gene, an origin of replication in E. coli (OriE),
origin of replication in mycobacteria (OriM), mycobacterial heat shock promoter 60 (hsp60) and a

multiple cloning site (MCS).
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8.2.2 Plasmid pYUBS854

Pac| (24)
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1000

Figure 28. Plasmid pYUB854 [174]
E. coli cosmid with an origin of replication in E. coli (OriE) and hygromycin resistance (hygR) gene

flanked by multiple cloning site (MCS).
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