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Tuberculosis, caused by Mycobacterium tuberculosis, has become an important health and economic burden, with more 
than four thousand people succumbing to the disease every day. Thus, there is an urgent need to understand the molecular 
basis of this pathogen’s success in causing disease in humans, in order to develop new drugs superior to conventional drugs 
available at present. One reason why M. tuberculosis is such a dangerous microbe lies within its ability to survive within 
infected hosts, thereby efficiently circumventing host immune responses. Over the past few years, a number of mechanisms 
have been unravelled that are utilized by M. tuberculosis to survive within hosts and to avoid immune defence mechanisms. 
Several of these mechanisms have been described in this communication that may be useful for the development of novel 
compounds to treat tuberculosis.  
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Introduction 
 Tuberculosis belongs to the deadliest infectious 
diseases worldwide. Approximately one third of the 
global population is infected with M. tuberculosis, 
10% of these individuals develop active tuberculosis 
and die. New drugs and treatments are of urgent need, 
especially with respect to the emergence of multi-drug 
resistant and extensive drug resistant strains, which 
are virtually untreatable and cause a high lethality in 
infected individuals1. Whereas normally, the host 
immune system is capable to destroy invading bacilli, 
M. tuberculosis has developed a plethora of strategies 
to counteract the bactericidal activities of the host2.  
 In general, upon internalization by macrophages, 
bacteria are enclosed in a specialized vacuole, the 
phagosome3. During the maturation of the 
phagosome, fusion and fission events take place, 
which gradually cause the phagosome to mature into 
or fuse with lysosomes, in which efficient degradation 
of cargo is ensured by the activity of various 
destructive mechanisms4, 5. 
 However, pathogenic mycobacteria possess the 
capacity to modulate their own trafficking route by 
inhibiting phagosome-lysosome fusion and to create 
an intracellular niche allowing them to survive for 
prolonged periods inside the host6. Mycobacterial 
phagosomes are characterized by the absence of a 

specific set of late endosomal or lysosomal markers 
such as Rab7, v-ATPase, LAMP1 and the two PI(3)P 
binding proteins EEA1 (early endosome antigen 1) 
and Hrs (hepatocyte growth factor-regulated tyrosine 
kinase substrate)7,8. M. tuberculosis utilizes several 
protein as well as lipid molecules to arrest phagosome 
maturation at an early stage2,9,10. Host proteins and 
bacterial factors which enable pathogenic 
mycobacteria to modulate trafficking of phagosomes 
and ensure their survival are listed in Fig. 1 and 
discussed below. 
 

Mycobacterial factors 
 Mycobacteria prevent the accumulation of 
phosphatidyl-inositol-3-phosphate [(PI(3)P)], an 
essential component of phago-lysosome  
biogenesis, at the phagosomal membrane. As a result, 
PI(3)P-dependent recruitment of the late endosomal 
markers Hrs and EEA1 via PI(3)P is abolished and 
consequently the phagosomes fail to fuse with 
lysosomes11,12. One of the factors responsible for 
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Fig. 1—Factors modulating phagosome trafficking. 
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reduced levels of PI(3)P on the phagosomal vacuole is 
lipoarabinomann (LAM), a lipoglycan of the 
mycobacterial cell wall. LAM inhibits the activity of 
the PI3 kinase hVP34 that generates PI(3)P on the 
phagosomal membrane, eventually resulting in the 
arrest of phagosome maturation13. Another molecule 
inducing the reduction of PI(3)P is an eukaryotic-like 
acid phosphatase termed SapM, produced by 
mycobacteria and secreted within the host cell14. 
SapM hydrolyzes PI(3)P accumulated on phagosomal 
membranes, thereby eliminating the docking site for 
proteins like Hrs or EEA1 involved in phagosomal 
maturation15.  
 In addition to the lipid phosphatase SapM, a 
tyrosine phosphatase, termed PtpA, has been 
identified16,17 which, upon secretion, dephosphorylates 
and inactivates the host protein vacuolar protein 
sorting (VPS) 33B, a regulator of membrane fusion. 
Inactive VPS33B is no longer capable of generating 
GTP-activated Rab7, resulting in a phagosome 
maturation block17. 
 For the release of molecules that interfere with host 
responses, M. tuberculosis possesses a specialized 
protein secretion system, the so-called early secretory 
antigenic target system 1 (ESX-1). Esx-1, encoded by 
the RD1 (region of difference 1) genomic region 
represents a major virulence determinant18-21 and was 
also suggested to be linked to modulating phagosome 
maturation. Infection of macrophages with  
M. tuberculosis displaying defects in Esx-1 dependent 
secretion results in increased lysosomal delivery and 
killing of the bacteria22. On the other hand, M. bovis 
BCG, which lacks the RD1 region, can still block 
phagosome maturation, and in addition, the known 
secreted products ESAT-6 (early secretory antigenic 
target 6), CFP-10 (culture filtrate protein 10) and 
EspA23 have been found to be dispensable with regard 
to the arrest of phagosome maturation, indicating the 
existence of other modulators19,20. Interestingly, 
components of the Esx-1 secretion system have been 
suggested to promote escape of M. tuberculosis from 
the phago-lysosome to the cytosol based on the 
observation that RD1 mutants were not observed to be 
transferred to the cytosol24.  
 One additional virulence factor promoting survival 
within host macrophages is protein kinase G (PknG), 
a conserved member of the eukaryotic-like 
serine/threonine protein kinase family in 
mycobacteria25-28. Upon infection, PknG is released 
into the cytosol of macrophages where it prevents 

lysosomal delivery and degradation (Fig. 2). In 
contrast to pathogenic mycobacteria, non-pathogenic 
and fast-growing mycobacteria are immediately killed 
by bactericidal conditions encountered in lysosomes28. 
Recent data revealed that in these species, expression 
of PknG is suppressed, possibly through inefficient 
ribosome binding in the pknG upstream region or by 
interactions with other regulatory factors such as 
regulatory RNA, or proteins29.  
 In case of genomic deletion or chemical inhibition 
of PknG from pathogenic species, mycobacteria are 
rapidly transferred to lysosomes. However, the exact 
mode of action of PknG and the identification of 
potential interacting host factors or substrates remains 
to be established27.  
 The co-crystallization of PknG with a specific 
inhibitor allowed the definition of three structural 
distinct domains: an N-terminal rubredoxin motif 
(RD) with two CXXC sequences coordinating iron, a 
two-lobed Hanks-type kinase domain (KD) 
encompassing the catalytic cleft, and a C-terminal 
domain with TPR repeats (TPRD, Fig. 2) mediating 
dimerization29. The PknG inhibitor, AX20017, a 
tetrahydrobenzothiophene of small molecular weight, 
was identified by screening a large compound library 
and was found to be a potent and specific PknG 
inhibitor28. In the atomic model of PknG, AX20017 
occupies the ATP binding pocket while making 
specific interactions with residues of the PknG-N-
terminus and the kinase domain. Despite its relatively 
simple structure and the high degree of homology 
between kinase domains in general, AX20017 does 
not affect eukaryotic host kinases and shows no 
adverse effects on kinase-related processes in 
macrophages underlining the high selectivity of the 
compound30,31. 
 Thus, the potential of PknG to circumvent 
lysosomal delivery and the identification of a potent 
inhibitory compound make PknG a promising drug 
target.  
 
Macrophage factors  
 Relatively few host factors have been characterized 
that allow pathogenic mycobacteria to escape 
lysosomal degradation.  
 (i) LRG-47, a member of the IFN-γ regulated 
family of p47 GTPases, which has also been shown to 
play an important role in the control of 
trypanosomiasis and salmonellosis, is an important 
component in the endosomal pathway whose function 
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is needed for the containment of mycobacterial 
infection32-34. LRG-47 was shown to promote 
autophagy, wherein the intracellular pathogens along 
with bacterial products and damaged organelles are 
sequestered into an autophagosome for degradation35. 
In the absence of LRG-47, mycobacterial phagosomes 
were found to carry lower levels of v-ATPase which 
additionally hindered the process of phagosomal 
maturation by preventing acidification of the 
mycobacterial phagosome.  
 (ii) Coronin 1, also known as TACO (tryptophan 
aspartate containing coat protein) is a protein that has 
been initially identified to be associated with 
mycobacterial phagosomes isolated from infected 
macrophages36,37. Coronin 1 is a member of a large 

family of proteins characterized by the presence of 
WD repeats and is widely distributed in the animal 
kingdom38. In mammals, coronin 1 is predominantly 
expressed in cells of the immune system including 
lymphocytes, macrophages and neutrophils. Coronin 
1 possesses 5 WD domains, and contains a  
C-terminal domain that adopts a coiled coil domain 
containing alpha helices, which are essential for 
trimerization39-41. The protein is located in the 
subcortical regions of the cell, and upon phagocytosis 
of inert cargo, coronin 1 remains associated with the 
cytosolic surface of the phagosome (Fig. 2). During 
maturation of phagosomes into lysosomes, coronin 1 
is released to the subcortical region. When 
macrophages are being infected with living, but not 

 
 

Fig. 2—Role of coronin 1 and protein kinase G (PknG) in phagosome maturation. Following phagocytosis of M. tuberculosis, the host 
protein coronin 1 is recruited to the phagosomal membrane. Coronin 1 triggers the activation of the phosphatase calcineurin which then 
inhibits phagosome-lysosome fusion. Mycobacterial PknG is secreted into the macrophage cytosol where it prevents lysosomal delivery. 
Insets: Coronin 1 is a homotrimeric molecule composed of three globular N-terminal β-propellers (containing the WD repeats) assembled 
via the C-terminal coiled region (reproduced with permission from Appleton et al.38). PknG forms dimmers each consisting of an N-
terminal rubredoxin domain (RD; red), kinase domain (KD; yellow) and C-terminal TPR domain (TPRD; green). The specific inhibitor, 
AX20017 (blue), binds to the catalytic site and interacts with residues of the N-terminal and kinase domain. 
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killed pathogenic mycobacteria, the release of coronin 
1 from the phagosomes to the subcortical regions is 
prevented and coronin 1 is retained on mycobacterial 
phagosomes36,42. 
 To investigate the mechanisms of action of  
coronin 1, coronin 1 deficient animals were generated 
through targeted gene disruption43,44. When 
macrophages were differentiated from the bone 
marrow of these animals and the progression of 
mycobacterial infection was monitored, as expected, 
the mycobacteria were rapidly delivered to lysosomes 
resulting in an efficient degradation and killing of the 
mycobacteria.  
 While these results confirmed a role for coronin 1 
in sustaining M. tuberculosis within macrophage 
phagosomes, they did not reveal the mode of action of 
coronin 1. Insight into the cellular function of coronin 
1 came from an in-depth analysis of the coronin 1 
deficient mice. It turned out that in these mice, T cells 
rapidly disappear from the peripheral vasculature 
system. Coronin 1 deficient T cells fail to properly 
transduce T cell receptor signals intracellularly which 
results in their reduced numbers in the peripheral 
blood. Specifically, coronin 1 is required to activate 
Ca2+-dependent signaling reactions, that in normal  
T cells, via the activation of the Ca2+-dependent 
phosphatase calcineurin, results in dephosphorylation 
of the nuclear factor for activated T cells (NFAT), 
thereby targeting NFAT to the nucleus where it 
initiates transcription of genes such as interleukin-2 
(Ref. 45). These observations than prompted the 
analysis of a role for coronin 1 in modulating calcium 
signaling, thereby inducing mycobacterial survival 
within macrophages. Indeed, in wild type (coronin 1 
expressing) macrophages, mycobacterial uptake is 
associated with an elevation of cytosolic calcium; in 
the absence of coronin 1, this increase of calcium ions 
does not occur2,44. Thus, it became clear that an 
increase in cytosolic calcium plays a crucial role in 
the ability of M. tuberculosis to block lysosomal 
delivery. Indeed, increasing the intracytosolic calcium 
levels using the calcium ionophore calcimycin 
prevented lysosomal delivery of mycobacteria even in 
the absence of coronin 1 (Ref. 45).  
 One consequence of the increase in cytosolic Ca2+ 
is the activation of the Ca2+-dependent phosphatase, 
calcineurin45. When the cytosol from macrophages 
infected with M. bovis BCG was analyzed for 
calcineurin activation, it turned out that calcineurin 
phosphatase activity was significantly enhanced upon 

infection. In contrast, infection of coronin 1 deficient 
macrophages with M. bovis BCG failed to activate 
calcineurin, consistent with the absence of  
Ca2+ influx44. 
 To corroborate the role of calcineurin in 
mycobacterial survival, the calcineurin inhibitors 
cyclosporine A and FK506 were added during 
infection of wild type macrophages with  
M. tuberculosis. The results showed that all 
mycobacteria were efficiently killed upon inhibition 
of calcineurin44, confirming the important role of 
calcineurin activation in allowing mycobacterial 
survival within infected macrophages (Fig. 2). 
Whether or not calcineurin blockers may be useful for 
the treatment of mycobacterial infection remains to be 
established. Also, how and where the interaction 
occurs between coronin 1 dependent calcium 
elevation and calcineurin activation still remains to be 
analyzed. One possibility is that calcineurin is 
activated locally at the mycobacterial phagosome; 
alternatively, calcineurin may activate or inhibit a 
cytosolic factor that modulates phagosome-lysosomal 
trafficking.  
 Recently, it has also been shown that lipoamide 
dehydrogenase secreted from pathogenic strains of 
mycobacteria could interact by means of cholesterol 
with coronin 1 thus preventing the release of  
coronin 1 from the mycobacterial phagosome into the 
subcortical regions46, consistent with the earlier 
demonstrated role for cholesterol in mycobacterial 
pathogenesis42.  
 It is to be expected that the increased knowledge on 
the molecular basis of the virulence mechanisms 
utilized by M. tuberculosis may provide additional 
leads for the identification of novel drug targets and 
for the development of efficient treatments in order to 
battle tuberculosis. 
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