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1
Mycobacterium tuberculosis; too smart to handle?

Tuberculosis, a disease of  all times
Tuberculosis (TB) is a disease that co-evolved with mankind for many thousands of  years [1] and 
remains responsible for many deaths every year. Approximately 8.7 million new TB cases were 
identified in 2011 and 1.4 million individuals died of  TB in the same year [2]. The first signs of  
human TB existence can be traced back over 9,000 years ago (7000 B.C.) as shown by DNA and 
mycolic acid markers detected in human skeletal remains [3]. TB has had many names over time, 
which refer to consequences of  the disease. At the Hippocratic era (460-370 BC) TB was known 
as consumption or phthisis (Greek for consumption), referring to progressive emaciation or weight 
loss due to the disease. Later, during the middle ages TB was referred to as the white plague. At 
this time, TB was accountable for the death of  one-fourth of  the whole European population 
and it was even thought that the survival of  the European race was at stake [4]. The mechanism 
and source of  the disease remained unknown until the late 19th century. Continuing the work of  
many researchers who had tried to identify the source of  TB, including Jakob Henle, Jean Antoine 
Villemin and Theodor Klebs, Robert Koch finally identified Mycobacterium tuberculosis (Mtb) to be 
the causative agent and was awarded the Nobel prize in 1905 for his work [5;6]. Unfortunately, 
despite intense efforts to reduce TB, including improved public health care and therapies [7-9], 
TB continues to remain one of  the leading causes of  death due to infectious disease worldwide [2]. 

Mycobacterium tuberculosis infection: From latent infection to active disease 
Transmission occurs via inhalation of  Mtb loaded aerosols that are spread by coughing pulmonary 
TB patients. The bacilli enter the alveolar space in the lungs where they are taken up by phagocytes 
including alveolar macrophages, dendritic cells but also pulmonary epithelial cells. Mtb is taken 
up in intracellular compartments called phagosomes. Both neutrophils and monocytes are then 
attracted to the site of  infection, and monocytes subsequently mature into macrophages which are 
better at taking up and inhibiting Mtb. The precise functions of  neutrophils remain unclear as they 
have protective properties at the time of  infection but become detrimental at later stages [10-12]. 
Eventually, the attraction of  innate cells to the site of  initial infection results in the formation of  
the primary granuloma (Ghon complex) [13]. Pathogen loaded dendritic cells (DC) subsequently 
migrate to the mediastinal lymph nodes (MLN), which drain the lungs, where they start presenting 
antigens to the T and B cells [14;15]. Once the adaptive immune system is triggered, T-effector 
cells are recruited to the site of  infection, where they can exert their function and further shape 
the granuloma [16]. 

Intriguingly, this triggering of  adaptive immune responses in TB is significantly delayed 
compared to infections with other pathogens and, in addition, triggered innate and adaptive 
immune cells often cannot efficiently eliminate Mtb. Here, Mtb itself  plays an important role as 
the bacilli possess several immune evasion mechanisms which include: inhibition of  neutrophil 
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apoptosis [17], induction of  anti-inflammatory responses, such as production of  anti-inflammatory 
cytokines by innate cells and generation of  regulatory T cells (Tregs) [18-20], delay in transport 
of  infected, or antigen-loaded DC to the MLN [14;15;21], delay in priming and recruitment of  
innate and adaptive cells to the site of  infection [18;22], preventing phago-lysosome fusion [23-
25], detoxification of  reactive oxygen species and reactive nitrogen intermediates [26], inhibition 
of  MHC class II presentation [27], and reduced activation of  antigen-specific T cells at the site 
of  infection [28;29]. These mechanisms hamper a rapid response of  adaptive immune cells, and 
enable Mtb to survive intracellularly [22;30;31]. Remarkably, Mtb can also infect bone marrow 
derived mesenchymal stem cells (BM-MSC) that reside in the bone marrow and use these cells as 
a hitherto unknown niche and hideout from immune patrol [32].

At first sight, the formation of  granulomas seems to be beneficial for the host since it contains 
infection locally. However, recent data challenge this dogma and show that Mtb also benefits 
from granuloma formation, since it is able to use freshly recruited cells as novel niches, leading to 
dissemination [33]. Of  special interest, the presence of  Mtb ESAT-6 protein is required for well-
formed granulomas as it triggers recruitment of  macrophages via host matrix metalloproteinase 
9 (MMP9) [34;35]. In addition, further spread is enhanced by Mtb (ESAT-6) induced necrosis of  
infected host cells e.g. [36-39] and inhibition of  protective apoptosis e.g. [37;38;40;41], although 
other studies showed that (ESAT-6 induced) apoptosis is beneficial for Mtb e.g. [33;42-44], thus the 
exact effect of  host cell death mechanisms on Mtb are yet undefined. 

Ultimately, the combination of  host pressure and Mtb immune escape mechanisms can result 
in an established balance between host and pathogen, i.e. latent Mtb infection (LTBI). This 
balance between pathogen and host enables Mtb to reside for decades at the site of  infection. 
LTBI individuals are thus Mtb infected but lack any clinical symptoms. However, latent infection 
can reactivate and lead to active disease: 5 to 10% of  LTBI will develop TB during their lifetime 
and half  of  these cases will develop within two-five years after infection [45-47]. Nevertheless, 
reactivation after decades of  latent infection has also been described [48]. Of  note, these numbers 
are difficult to interpret partly because it is unknown what percentage of  LTBI is able to clear the 
infection completely. It is believed that Mtb in LTBI mostly enters a dormant state, adapting to the 
harsh environment in the host while awaiting a possible chance to reactivate and spread. Once an 
imbalance occurs between host and pathogen, due to weakened host immunity, bacteria will be 
able to reactivate [31] and necrotic regions will develop within the granuloma, leading to caseous 
necrotic lesions. These lesions can liquefy which ultimately leads to leakage of  caseum into the 
airways, resulting in a contagious TB case [13;16]. 

A very high risk of  TB reactivation is observed in individuals that are immune deficient. These 
include: (i) HIV infected individuals particularly those with reduced (<200) CD4+ T-cell counts 
[49-51], (ii) individuals undergoing anti-TNF treatment [52;53], and (iii) patients with genetic 
disorders in genes coding for receptors and cytokines involved in type-1 immunity and the Th1 
cascade [54-56]. Thus, Mtb infection can result in a broad spectrum of  stages, ranging from (likely) 
complete bacterial clearance to latent infection and reactivation or sometimes acute disease [57].
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1
Efforts to Tackle TB

The timely detection and treatment of  TB, and its prevention by vaccination are the two 
major tasks that the WHO has embraced to reduce the burden of  TB. Here we will focus on 
immunological aspects of  these tasks, and discuss immune-based detection techniques as well as 
vaccination against Mtb. Treatment of  Mtb will not be further discussed in this chapter. 

Detection of  latent Mtb infection
Detection of  Mtb infection is of  major importance for adequate control of  TB. Mtb infection can 
be determined in the sputum of  active TB patients, using a smear microscopy test and bacterial 
culturing, or nucleic acid amplification tests to detect Mtb DNA (NAATs e.g: Xpert MTB/RIF® 
assay) complemented with chest X-rays [58;59]. Unfortunately, the presence of  viable bacteria 
cannot be determined in LTBI. To verify Mtb exposure in this population an indirect test is 
required, analyzing the immune responses towards mycobacterial products. 

Tuberculin skin test. Koch introduced tuberculin, an extract from tubercle bacilli dissolved 
in glycerine, as a new medicine to treat tuberculosis, however this unfortunately failed [60]. A 
few years later, Clemens Freiherr von Pirquet showed that Koch’s tuberculin could be used as a 
tool to identify latent Mtb infection, by injecting the substance intracutaneously, which resulted 
in a delayed hypersensitivity (DTH) response in exposed individuals. Charles Mantoux further 
developed this diagnostic technique and in 1908, Florence Seibert improved tuberculin to purified 
protein derivative (PPD), which is still in use today [5;61]. This technique is currently known 
as the tuberculin skin test (TST) or Mantoux test. Unfortunately, cross-reactivity of  PPD with 
nontuberculous mycobacteria (NTM) and the vaccine strain Mycobacterium bovis Bacille Calmette-
Guérin (BCG) reduces the specificity of  the TST [62-65]. Exposure to NTMs is very common as 
they reside in many sources in the host environment such as soil and natural waters [66;67]. One 
study found NTM to be abundantly present in showerhead biofilms [68]. A practical drawback of  
the TST is that it requires two visits, can induce boosting effects upon multiple TST testing and 
can be false negative in immunocompromised (e.g. HIV infected) individuals. 

Interferon-Gamma Release Assays (IGRAs). To increase the specificity of  Mtb diagnosis, a new 
technique was introduced. This technique is based on antigen specific interferon-gamma (IFN-γ) 
secretion upon stimulation with peptides from the highly specific and immunogenic Mtb antigens 
early-secreted antigen 6 (ESAT-6), culture filtrate protein 10 (CFP-10) and TB7.7. These tests 
are widely known as Interferon-Gamma Release Assays (IGRAs). In contrast to the TST, false 
negative responses due to Mtb specific anergy can be identified since both a positive and negative 
control are included [69]. Multiple studies have shown that IGRAs have enhanced specificity 
over TST [70-72], although most of  these studies were performed in high-income countries such 
that the results cannot directly be extrapolated to low and middle income countries with higher 
TB incidences [73;74]. Indeed, IGRAs proved to be less powerful in high TB incidence countries 



R1
R2
R3
R4
R5
R6
R7
R8
R9

R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25
R26
R27
R28
R29
R30
R31
R32
R33
R34
R35
R36
R37
R38
R39

Chapter 1

12

[75;76]. Due to the lack of  sufficient evidence IGRAs are not recommended for use in low and 
middle income countries [74]. Furthermore, discordant results between TST and IGRA results 
have been documented which often remain poorly explained [77]. Despite the relative success of  
IGRAs in low endemic settings, it has not proved possible to use these tests to discriminate between 
recent and remote Mtb infection, and also not between active and latent Mtb infection. Recently 
an Mtb antigen, Rv2628, was described to be recognized by remote Mtb infected individuals, but 
not by recent Mtb infected individuals, suggesting a role as discriminatory marker [78]. Although 
the specificity is increased, the IGRA antigens are not fully restricted to Mtb as homologs of  these 
proteins are also present in Mycobacterium leprae [79;80] Mycobacterium kansasii, Mycobacterium szulgai, 
Mycobacterium riyadhense and Mycobacterium marinum. Also, testing too soon after Mtb infection might 
result in false negative outcomes [81]. 

Importantly, as already indicated, these two tests determine Mtb exposure indirectly. Responses 
towards Mtb products can be detected, but this does not directly indicate that viable bacilli are 
still present. It may be that either the infection has been cleared but immune responses persist, or 
that Mtb bacilli are still present. Altogether, although latent Mtb infection detection methods are 
available, improvement is definitely required. 

Vaccine development
Despite the availability of  diagnostic tests and TB treatments, TB remains difficult to eradicate. 
One major concern is the rapid development of  (extensively) multidrug resistant (XDR/MDR) 
Mtb strains. At this moment even strains are known which are resistant to all current drugs 
available (totally drug resistant Mtb, TDR) [82]. Therefore, robust Mtb vaccines are needed to 
prevent further development of  TB outbreaks that cannot be controlled using current drugs. 

Current TB vaccine. In 1921, Albert Calmette and Camille Guérin developed the first vaccine 
against TB. They cultured Mycobacterium bovis (M. bovis) until it became avirulent (due to the loss 
of  genetic regions, including RD1[83]) and designated the vaccine as M. bovis Bacille Calmette-
Guérin (BCG) [5;84]. BCG is still the only vaccine available at this moment. The effect of  BCG 
has widely been studied in many countries and showed its protective value towards disseminated 
and meningeal childhood TB [85] as well as to a certain level against leprosy, which is caused by 
Mycobacterium leprae [86;87]. Unfortunately, BCG vaccination results in highly variable protection 
against pulmonary TB in adults [88], which is the most common form of  TB. Importantly, 
pulmonary TB is, together with the rare laryngeal TB, the only form of  TB accountable for 
further transmission of  disease. The effect of  BCG can be diminished due to co-infections with 
NTM or helminthes [89-91]. In addition to the highly variable protection, BCG vaccination, 
which is a live attenuated vaccine, can lead to severe infection in immune deficient individuals [92] 
[54]. The lack of  BCG’s efficacy against pulmonary TB and its severe adverse effects in immune 
deficiencies clearly show that there is a significant need for improved TB vaccines which are both 
safer and more effective than BCG.  
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Novel TB vaccines. Mtb vaccines need to trigger cellular immunity to induce protection against 

Mtb as the bacterium resides intracellular in phagosomes such that antibodies cannot easily reach 
the pathogen. Importantly, Th1 immunity was previously shown to play an important role in the 
control of  Mtb infection [16]. New preventive TB vaccines can either be used as booster vaccines 
on top of  previous BCG vaccination, or as individual, priming vaccines. The three different types 
of  vaccines currently under study are (i) live attenuated and/or genetically modified mycobacterial 
vaccines, (ii) killed (fragmented) whole bacteria and (iii) subunit vaccines. Notably, the development 
of  therapeutic vaccines is of  significant interest. The goal of  this vaccine is to prevent reactivation 
of  Mtb in LTBI by enhancing the control of  infection. At this moment, over 12 vaccines already 
entered clinical trials, whereas over 40 vaccines are currently in the pre-clinical phase [16]. 

The live attenuated and/or genetically modified mycobacteria are developed to be used as 
priming vaccines, meant to replace BCG. These improved vaccines should be more immunogenic, 
maintain this immune response for a longer period of  time and be safer in immune-deficient 
individuals. Recombinant BCG (rBCG) modifications include i) introduction or over-expression of  
specific Mtb antigens which are lacking from BCG, and ii) improvement of  antigen presentation by 
genetic modification of  important pathways [16]. One of  these rBCG vaccines is rBCGΔUrec:Hly+ 
(VPM1002). rBCGΔUrec:Hly+ expresses listeriolysin (Hly) which is responsible for rBCGs escape 
from phagosomes into the cytosol. Urease C (UreC), a protein involved in preventing phagosomal 
acidification, was removed to improve the effect of  Hly, which functions most optimal under acidic 
conditions. This rBCG had a better vaccine potential compared to its parental strain [93]. Apoptosis 
of  infected cells was promoted and increased CD4+ as well as CD8+ T-cell responses was observed, 
possibly due to enhanced cross priming. The vaccine has entered phase IIa trials [94]. Other 
rBCG vaccines include strains that overexpress antigens such as Ag85B (rBCG30) [95] and RD1 
antigens [96]. Aeras-422, a vaccine that resembles rBCGΔUrec:Hly+, expresses perfringolysin, 
but also overexpresses Ag85A, Ag85B and Rv3407 [97]. The combination of  induced escape 
into the cytosol and overexpression of  immunogenic antigens in one vaccine appears to have an 
improved efficacy. However this vaccine induced side effects such as the occurrence of  shingles 
urging termination of  the phase I trial [16;98;99]. 

Using Mtb strains for vaccine purposes requires special attention, it is important that 
attenuated strains are not virulent and therefore at least two independent loci, e.g. involved in 
essential metabolic pathways (autotrophy) or virulence, should be deleted, preventing reversion 
of  virulence [100;101]. Currently several attenuated Mtb strains are under study as potential 
vaccines. The attenuated Mtb ΔsecA2ΔlysA [102] and Mtb ΔfbpAΔsapM [103] are examples of  
such mutant strains and are in a very early stage of  analysis. Two other attenuated Mtb strains, Mtb 
ΔRD1ΔpanCD [104] and Mtb ΔPhoP (SO2), have already been studied for some time, showing 
promising immunogenicity and safety results. In order to comply to a consensus reached at a 
WHO Geneva meeting in 2004 [100;101;105], the SO2 strain has been further improved by 
deletion of  the FadD26 gene, generating Mtb ΔPhoPΔfad or MTBVAC. The MTBVAC vaccine 
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has now entered phase I clinical trial to analyze its safety in humans. Interestingly, a novel potential 
vaccine strain was developed consisting of  an attenuated Mtb strain expressing HIV antigens to 
prevent both Mtb and HIV infections [106]. 

In contrast to live attenuated and/or genetically modified mycobacteria vaccines, non-live 
subunit vaccines were initially developed to be used as booster on top of  BCG vaccination or to 
enable novel live attenuated and/or genetically modified mycobacterial vaccines to enhance the 
long-lived immune memory response against Mtb. Subunit vaccines consist of  protein(s) and/or 
(poly)epitopes delivered using a viral vector system or as recombinant product together with an 
(Th1) adjuvant [16;107]. One of  the most advanced subunit vaccine is MVA85A, a recombinant 
(replication deficient) strain of  Modified Vaccinia Ankara (MVA) virus that expresses the Mtb 
Ag85A antigen. MVA85A was shown to be immunogenic and safe in use in children and adults 
located at multiple sites [108-111]. Unfortunately, although MVA85A was safe, the phase IIb trial, 
published in February 2013, resulted in insignificant efficacy against TB and Mtb infection in 
children [112]. Another vaccine, AdAg85A which is currently studied in phase I trial, resembles 
MVA85A in that it also expresses Ag85A but expressed in an (replication deficient) Adenovirus 
(type 5) [113;114]. Ad35 (AERAS-402) is a virus-based vaccine expressing both Mtb Ag85A, 
Ag85B and TB10.4 as a fusion protein using a replication deficient Adenovirus (type 35) vector. 
Again, this vaccine also showed strong immunogenic potential in BCG primed individuals and 
also at different test sites [115;116]. This Ad35 based vaccine is currently in a phase IIb trial 
[117]. Importantly, some concerns have been raised over the use of  adenovirus as vaccine vectors 
including the existence of  neutralizing host antibodies that can influence the functioning of  the 
vaccine, which can be avoided by using other viral vectors [118-120]. 

Also different subunit vaccines consisting of  protein and adjuvants are currently studied. 
M72/AS01, consisting of  Rv1196 (PPE18) and Rv0125 (serine protease, pepA) just finished phase 
IIa trial testing and showed to be safe and immunogenic [121;122]. Hybrid 1 (H1) (Ag85B and 
ESAT-6 fusion protein) administered using IC31 as adjuvant induced strong immunity in healthy 
donors and mycobacteria exposed individuals [123;124]. HyVac4 (or H4, consisting of  Ag85B 
and TB10.4 fusion protein) shows immunogenic and protective effects in various animal models, 
and has now entered clinical trials as H4 administered together with IC31 [125]. Of  note, H4 
was developed to avoid H1 vaccine induction of  ESAT-6 responses which interferes with IGRA 
outcome. Other potential subunit vaccines, including H56 (H1 backbone including Rv2660) [126] 
are still in pre-clinical phase e.g.: [127;128]. Instead of  proteins, immunogenic epitopes can be 
combined to form a polyepitope and this also shows vaccine potential [107]. These vaccines can 
be used in heterologous prime-boost settings, thus combining live or attenuated vaccines with 
subunit vaccines to induce optimal protection. 

Early secreted antigens such as ESAT-6 and Ag85 are often selected for TB subunit vaccines, 
based on expression in active replicating Mtb, secretion and strong (in vitro) immunogenicity 
[129]. Previous studies showed a protective effect of  Mtb short culture filtrate which contained 



R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25
R26
R27
R28
R29
R30
R31
R32
R33
R34
R35
R36
R37
R38
R39

Introduction

15

1
both ESAT-6 and Ag85B [130]. Nonetheless, the antigens chosen for vaccination should also 
be significantly expressed by Mtb during in vivo infection, preferably over extended periods of  
time, preferably in different phases of  Mtb infection and in both resistant and susceptible host 
backgrounds, such that the vaccine would induce T cells that directly recognize infected cells. This 
will be discussed in the next section.

Knowing Mtb’s lifestyle 

Phases of  Mycobacterium tuberculosis
As already indicated, after infection Mtb is able to reside for decades inside the host without 
causing any clinical symptoms. To accomplish this, Mtb has to evade host induced pressures 
such as nutrient and oxygen shortage, acidic environment, toxic products produced by host 
cells and immune pressure. Influenced by these factors, Mtb encounters a dormant state which 
is characterized by: lipid body loaded, (phenotypic) drug-resistant, non-replicating bacteria with 
low metabolic activity (dormant bacteria) [131;132]. The granuloma will function to contain 
the infection [31]. Most probably both active replicating and dormant bacteria will be present 
during infection [133], but only dormant bacteria are tolerant to drugs and therefore difficult 
to eliminate by antibiotic treatment [16]. For improved diagnosis of  latent Mtb infection and for 
optimal (therapeutic) vaccine development, a better understanding of  Mtb’s lifecycle is of  critical 
importance, particularly better insights in how Mtb adapts to in vivo environment upon infection. 
The change of  Mtb’s genetic and proteomic makeup could have major impact on what antigens 
can be used as vaccine candidates. 

In the beginning of  the 21st century, in vitro Mtb culture studies captured the first differences in 
Mtb’s transcriptomics response by comparing bacteria cultured under different stress conditions 
[134-136]. These studies focused on stress factors that Mtb is thought to encounter upon infection, 
including hypoxia, low pH, nutrient deprivation and free radicals. Oxygen tension is an important 
factor in the activation state of  Mtb as the bacteria prefer to inhabit aerated parts of  the host. 
[137]. Though, the transcriptional analysis showed that Mtb is able to adapt to oxygen depletion, 
to nitric oxide and to carbon monoxide [138-142], environmental conditions which are thought 
to occur within host cells and granulomas. Importantly, hypoxic regions were identified at the 
infection site in vivo [143]. Particularly interesting was the upregulation of  a cluster of  48 genes, 
known as the dormancy regulon (DosR), which is controlled by regulator Rv3133c (DosR or DevR) 
[144;145]. Interestingly, a second set of  genes is expressed at a later stage of  hypoxia, known as the 
enduring hypoxic response (EHR). This set includes ~230 genes (including several DosR genes), 
which are upregulated considerably longer than most of  the genes expressed by the DosR regulon 
[146].

Starvation conditions also trigger differential Mtb gene expression [140;147]. Here, Mtb has 
to compete for nutrients or adapt to the lack of  nutrients and has to switch to the use of  different 
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carbon sources for energy [148]. Interestingly, a substantial number of  EHR genes overlap with 
genes associated with the starvation response [146]. Indeed, In vivo, Mtb will be exposed to multiple 
stress conditions at once. Dormancy was further simulated by Deb et al. [149] who cultured 
Mtb at low oxygen, high CO2 , acidic pH and low nutrient conditions. This resulted in dormant 
Mtb that had lost acid-fastness, contained lipid inclusion bodies and had become drug tolerant. 
Interestingly, genes encoding enzymes involved in the glyoxylate shunt were significantly expressed 
by Mtb cultured under multiple stress conditions. This cycle plays an essential role in the use of  
fatty acids as carbon source, and is essential for Mtb’s survival in vivo [150]. Thus, this study verified 
the role of  the glyoxylate shunt in stress conditions that Mtb may encounter in vivo [148;151;152]. 
All studies described here, however, mimicked the host environment in in vitro systems, but it would 
be more informative and relevant to directly analyze Mtb’s responses in vivo in infected lung tissue. 
Several studies were performed to analyze Mtb transcripts in vivo (reviewed by Waddell et al. [153]), 
however, no animal models exist that fully resemble human TB disease, although some models 
show several specific TB phenotypes such as hypoxia [143] and lesion/granuloma formation 
[154;155]. Intriguingly, multiple studies show a role for lipid metabolism in in vivo survival of Mtb 
[149;156;157].

Thus Mtb is able to adapt to host environmental conditions and appears to express particular sets 
of  genes in each condition, with some overlap in genes expressed between the different conditions 
identified and investigated. The proteins encoded by these sets of  genes can be considered to 
be expressed in an Mtb infection phase related way, and thus may be of  considerable interest as 
novel subunit vaccine candidates [16;158]. They may have an additional or even superior effect 
compared to antigens that are early secreted only. Indeed, the expression of  Mtb proteins in vivo is 
of  substantial significance as one study showed that upon Mtb infection the expression of  Ag85B 
decreased, resulting in reduced activation of  Ag85B specific T cells [29]. Thus Ag85B based 
vaccines might induce limited protection due to the loss of  Mtb Ag85B expression in chronic 
phase infection. This might also be an explanation for the low efficacy induced by MVA85A 
[112]. The phase related antigens can therefore also be of  use in therapeutic vaccines. A few novel 
Mtb phase related antigens are currently incorporated into TB vaccines. H56 contains next to 
ESAT-6 and Ag85B, also Rv2660, encoded by Rv2660, a gene highly expressed during starvation 
[126]. Furthermore, a polyepitope (consisting of  immunogenic epitopes from Hsp65, Ag85B, 
19Kda lipoprotein, HspX and Rv1733c) contains latency antigens HspX and Rv1733c [107]. 
Both studies revealed protective value of  the vaccines. Lastly, the protective value of  resuscitation 
promoting factor (Rpf) antigens as subunit vaccines was studied [159]. Rpfs are a set of  genes 
encoding proteins suggested to be involved in reactivation or resuscitation of  dormant bacteria. 
Five Rpfs are known in Mtb: RpfA-E (Rv0867c, Rv1009, Rv1884c, Rv2389c and Rv2450c). The 
proteins encoded by these genes resemble the Rpf  protein encoded by Micrococcus luteus, which is 
expressed and secreted by actively replicating M. luteus bacteria. This protein showed to be able to 
resuscitate dormant M. luteus, but also stimulated the growth of  mycobacteria [160]. Importantly, 
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1
the Mtb specific Rpfs also had a stimulating effect on the growth of  M. luteus and mycobacteria 
[161]. 

Thus understanding Mtb’s lifestyle opens doors to novel vaccine candidates that can be of  
value for both prophylactic and therapeutic vaccination strategies. 

 
Understanding TB immunity
Besides the aforementioned stress conditions, immune pressure is also a hurdle Mtb has to 
encounter. Understanding this is essential for future development of  novel TB vaccines. Vaccine 
induced humoral immunity is a well-known correlate of  protection for many viral vaccines such 
as hepatitis and influenza [162]. However, cell mediated immunity (CMI) is essential in protection 
against Mtb infection. Although the role of  B cells in TB immunity should not be neglected [163]. 
Mtb primarily resides in phagosomes which results in processing and presenting of  Mtb antigens 
via the MHC class II route. 

As previously mentioned, genetic defects in IFN-γ and IL-12 pathways, cytokines specific for 
Th1 differentiation, as well as depletion of  CD4+ T cells showed an increased risk of  tuberculosis 
[49-51;56], confirming that Th1 cells play an important role in TB protection. Analyzing 
Th1 immunity is currently the most common approach to study TB vaccine potential [164]. 
Furthermore, IGRAs are also based on Th1 T cell analysis as antigen-specific IFN-γ production 
is measured. An important role for IFN-γ in Mtb control is activation of  macrophages. Besides 
IFN-γ, other Th1 cytokines are of  importance in protection against TB. As mentioned above, 
patients receiving anti-TNF therapy as treatment against different inflammatory diseases such 
as psoriasis and rheumatoid arthritis, have a higher risk of  developing TB [52;53;165;166], 
indicating the need of  TNF-α in protection against TB. Both IFN-γ and TNF-α activate APC 
antimicrobial effector mechanisms. Although we now know that Th1 immunity is of  particular 
importance, exact insights in TB immune regulation remain limited. In contrast to Th1 cells, Th2 
cells are generally thought not to have protective value in TB infection, and helminth-induced 
Th2 responses can have a detrimental effect on protection against TB [90] and BCG vaccination 
efficacy. Interestingly, a recent mouse model showed that CD4+ T cells can exert protective 
functions even in the absence of  IFN-γ and/or TNF-α [167], indicating that other factors may 
play an important role in protection as well. Indeed, functional, IFN-γ deficient, CD4+ T cells still 
contribute to initial Mtb control [168], however, IFN-γ producing CD4+ T cells are required for 
long-term control [168]. 

The study of  novel T-cell subsets could shed further light upon the continued (though 
suboptimal) protection in the absence of  IFN-γ and/or TNF-α. Multiparameter flowcytometric 
analysis has enabled detection of  multiple markers on immune cells. Such analysis allows detection 
of  multiple T-cell subsets that might play a role in infection and vaccination induced immunity. 
Recent new subsets include Th17 and regulatory T cells [169]. Human IL-1β/IL-6/IL-23 induced 
CD4+ Th17 cells produce different cytokines and chemokines including IL-17, IL-22, CCL-20 but 
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also IFN-γ production has been described [169-172]. Vaccine induced Th17 cells were involved 
in TB protection in mice [173]. Specifically, IL-17 plays a role in maturation of  granuloma 
formation [174]. Conversely, Th17 cells can be damaging as repeated antigen exposure results 
in IL-17-dependent lung pathology and enhanced neutrophil influx [175]. Thus, the net effect of  
Th17 cells on TB protection remains unclear. Regulatory T cells (Tregs) are also induced upon 
Mtb infection and are responsible for delayed priming of  CD4+ and CD8+ T cells in the MLN [18] 
and direct suppression of  effector T cell activity [176], thus having an anti-inflammatory effect. 
Therefore, they can be involved in bacterial persistence, next to limitation of  host tissue damage 
[177]. Interestingly, differentiation of  Th17 to Th1 and Treg to Th17 T cell subsets have been 
detected and indicate plasticity of  unstable T-cell subsets [172;178;179]. 

Importantly, Mtb not only resides in the phagosome, but can also translocate to the cytosol, a 
mechanism which is RD1 region dependent [180;181]. Translocation of  mycobacterial products 
to the cytosol enables loading of  immunogenic epitopes to MHC class I and presentation to CD8+ 
T cells, although many other mechanisms might also be involved in MHC-I loading such as 
cross-presentation and efferocytosis [40;182;183]. CD8+ T cells produce multiple cytokines upon 
activation but can exert direct cytotoxic functions as well [31]. In addition to CD4+ T cells, CD8+ 

T cells also contribute to TB protection [184-186]. 
The current belief  is that T cells producing multiple cytokines, chemokines and/or effector 

molecules are more effective compared to single cytokine producing cells. In more detail, T cells 
producing IFN-γ, TNF-α and IL-2 are believed to be of  higher quality compared to double or 
single cytokine producing Th1 T cells and provide optimal protection and effector function [187]. 
In this study, polyfunctional T cells expressing IFN-γ, TNF-α and IL-2 correlated with protection 
against the intracellular pathogen Leishmania major. Subsequently, this was confirmed in mouse 
TB vaccine studies [188-190]. Also, higher frequencies of  polyfunctional T cells were observed in 
LTBI compared to TB patients [191], based on mycobacterial load [192]. However, polyfunctional 
T cells correlated also to active TB disease [193;194]. In addition, several other studies showed 
no correlation of  these cells with vaccination induced protection [195;196]. Interestingly, the 
antigen dose may be of  importance for the development of  protective polyfunctional T cells 
[197]. Furthermore, the duration of  antigen stimulation and cytokine accumulation (due to Golgi 
transport inhibition) also influences the detection of  polyfunctional T cells [198]. Thus, overall, 
the role of  polyfunctional T cells in TB remains unclear. 

Outline of  this thesis
Efforts to decrease the number of  TB cases by using latest Mtb detection methods, treatments and 
BCG vaccination campaigns have failed to result in eradication of  the disease. TB remains one of  
the leading causes of  death on our planet. The main focus of  this thesis is to identify Mtb infection 
phase related antigens, and to evaluate these as potential antigens for TB vaccines. 
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1
Mtb Rpfs proteins are likely involved in reactivation of  dormant mycobacteria, and thus 

may play an important role in TB disease. We therefore hypothesized that immunity directed 
against Rpf  proteins could play a role in the control of  reactivating bacteria. In chapter 2 T-cell 
responses towards two Mtb resuscitation promoting factors (Rpfs), Rv0867c (RpfA) and Rv2389c 
(RpfD), are described in mycobacterium exposed individuals. 

A second group of  Mtb antigens, DosR antigens, previously was shown to be preferentially 
recognized by LTBI. From this perspective, we hypothesized that enhancing DosR specific 
immunity may be beneficial in controlling LTBI. However, only very few data on the Mtb DosR 
regulon encoded antigen-specific T-cell responses were available. We therefore analyzed the 
precise Mtb DosR antigen responding T cells and determined immunogenic peptide epitopes 
(chapter 3).

The thus far described phase related antigens are all selected from initial in vitro studies 
which tried to mimic environmental stress conditions that Mtb encounters upon infection. We 
hypothesized that Mtb vaccine candidates should be expressed by Mtb in vivo, in infected tissue, and 
therefore analyzed Mtb gene expression profiles in the lungs of  four genetically related but distinct 
mouse strains that represents a spectrum of  TB susceptibility controlled by the super-susceptibility to 
TB 1 locus. The immunogenicity of  a subset of  in vivo expressed Mtb (IVE-TB) antigens, associated 
to Mtb infection phenotypes, was subsequently determined (chapter 4). 

Besides the criterion that vaccine candidates should be expressed in vivo, they should also be 
immunogenic in vivo and provide protection against Mtb infection. To determine the immunogenic 
and protective value of  one of  the IVE-TB antigens, Rv2034, HLA transgenic mice were 
vaccinated with Rv2034 as an experimental TB vaccine as described in chapter 5. 

Studying the Rv2034 specific T-cell responses in more detail, we used a specific CD154 
T-cell cloning method that allows more detailed analysis of  these responses and in addition the 
development of  novel tools to dissect the precise nature of  the IVE-TB specific T-cell response 
(chapter 6). 

The results of  all studies included in this thesis are summarized and discussed in chapter 7.
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