
 Hypervirulent mycobacteria reveal a crucial 
role for ATP (P2X7) and adenosine receptors 

in severe tuberculosis  



The immune response against mycobacteria leads to 
protection and pathology

Dorhoi et al. (2011) Immunol. Rev, 240: 235-251l

http://www.imcr.uzh.ch/static/onkwww/clodrolip.html


One third of the world's population is 

infected with bacteria of the Mycobacterium 

tuberculosis complex (M. tuberculosis and M. bovis).

WHO estimated 9.6 million new cases of 

active tuberculosis (TB) and 1.5 million deaths 

in 2014.

Active TB can develop through progression 

of recently acquired infection (primary disease) 

or reactivation of latent infection.

Progressive primary TB is an aggressive form 

of the disease that represents about 10% of 

active TB cases, affecting mostly children under 

5 years of age and immunocompromised 

individuals.

O’Garra t al. (2013) Annu. Rev. Immunol., 31: 475-527



Reactivation of latent infection 

in immunocompetent individuals 

occurs in rates ranging from 5-10% 

per life-time.

Active TB incidence is dramatically 

increased by HIV co-infection, which was 

reported in 1.2 million (12%) of the 

people who developed TB in 2014. 

Therefore, TB is the most common cause 

of death among patients with AIDS.



Active TB incidence is also 

increased after administration of 

TNF/IL-12/IL-23 blockers.

O’Garra t al. (2013) Annu. Rev. Immunol., 31: 475-527



A variety of factors can determine the transition of mycobacterial infection to active TB: genetically determined 

susceptibility of host organism to the bacilli, environmental factors increasing the host susceptibility and factors associated 

with bacteria, such as virulence and dose of infection.

The immune response against mycobacteria leads to 
protection and pathology

Are granulomas purely protective for the host or do they promote infection? Do they contribute to tissue pathology?



The predominance of apoptotic over necrotic macrophage 
death ensures the control of mycobacteria
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Figure 1 | Structure and cellular constituents of the tuberculous granuloma. The tuberculous granuloma at  
its most basic is a compact, organized aggregate of epithelioid cells — macrophages that have undergone a specialized 
transformation to have tightly interdigitated cell membranes that link adjacent cells. Epithelioid cells can be highly 
phagocytic but in some cases do not contain bacteria at all. Granuloma macrophages can also fuse into multinucleated 
giant cells or differentiate into foam cells, which are characterized by lipid accumulation. Foam cells have been noted to 
be most frequently located at the rim of the necrotic centre of a mature tuberculous granuloma. The consequences of 
these changes are not well understood, but in general foam cells and multinucleated giant cells have been reported to 
contain only a few bacteria, if any. Bacteria are most commonly present in the central necrotic areas in which dead and 
dying macrophages can be seen. Many other cell types also populate the granuloma, such as neutrophils, dendritic cells, 
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RD1 locus
In virulent mycobacteria, this 
region encodes a type VII 
secretion system, namely 
ESX-1, an important substrate 
of which is early secreted 
antigen 6 (ESAT6). 
ESX-1-mediated secretion  
and ESAT6 are essential for 
mycobacterial virulence and 
have been implicated in 
phagosomal escape, cytolysis 
and pore formation, the 
induction of apoptosis and the 
recruitment of macrophages. 
The deletion of RD1 is thought 
to be the primary mutation 
responsible for attenuation of 
the Mycobacterium bovis 
vaccine strain bacillus 
Calmette–Guérin (BCG).

crucial event for restricting the expansion of bacterial 
populations60,62,63. However, the primary role of innate 
immunity in mediating bona fide tuberculous granu-
loma formation has been shown in the Mycobacterium 
marinum–larval zebrafish model (BOX  2), as these 
zebrafish are at a developmental stage at which adaptive 
immunity has not yet developed52–54.

A highly dynamic structure promoting bacterial prolif-
eration. The ability to visualize cellular events of granu-
loma formation at the whole-animal level in zebrafish 
(BOX 2) has provided new insight into the mechanisms 
and consequences of granuloma formation. Mycobacteria 
exploit granuloma formation for their proliferation 
and dissemination within the host23,64–66. The first clue 
regarding the complex role of granulomas came from 
the discovery that epithelioid granulomas can form in 
zebrafish larvae in the context of innate immunity only66. 

It was subsequently found in this model that granuloma  
formation coincided with the accelerated bacterial  
proliferation that was widely thought to precede it65. 
Moreover, mycobacteria lacking the ESX-1 secretion  
system, which is encoded by the RD1 locus and has a  
crucial role in virulence, caused an attenuated infection 
that was accompanied by poor granuloma formation65. 
These findings indicated that granuloma formation might 
actually aid bacterial proliferation.

Dynamic imaging studies in zebrafish larvae have 
revealed several unexpected findings about the mecha-
nisms of tuberculous granuloma formation that contra-
dict long-held views based on static images64,66 (FIG. 2). 
Macrophages arriving at forming granulomas con-
tinue to move rapidly within these structures. These 
macro phages have similar morphological features to 
leuko cytes undergoing chemotaxis and move at speeds 
comparable to those of leukocytes responding to a 
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Extracellular ATP (eATP) is a damage signal
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Figure S2. ATP induced death of C57BL/6 and P2X7R-/-

 BMDMs. C57BL/6 and 
P2X7R-/-

 BMDMs were cultured for 24 h with different amounts of ATP and stained 
with propidium iodide. Cell viability was determined by fluorescence microscope. The 
data were representative of two independent experiments. 
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The immune response against mycobacteria leads to 
protection and pathology

P2X7R?



TB induced by hypervirulent mycobacteria is 
attenuated in mice that lack the P2X7R



TB induced by hypervirulent mycobacteria is 
attenuated in mice that lack the P2X7R



TB induced by hypervirulent mycobacteria is 
attenuated in mice that lack the P2X7R

The deleterious role of P2X7R is independent of NLRP3 inflammasome



The deleterious effect of P2X7R on severe TB is 
transferred by bone marrow-derived cells   

 B6 or P2X7R-/- BM cells

B6 mice



The deleterious effect of the 
P2X7R on severe TB is transferred 

by bone marrow-derived cells   
 B6 or P2X7R-/- BM cells

B6 mice



Does P2X7R signaling induce macrophage necrosis and 
hypervirulent bacillus dissemination?



Control Act D ATP

H37Rv MP287/03Beijing 1471

PIAnnexin Nature Reviews | Immunology

Necrotic 
infected
macrophage

Macrophage Apoptotic 
infected
macrophage

Epithelioid
macrophage

Apoptotic infected
epithelioid
macrophage

Foam cell

B cellT cell

Neutrophil NK cell

Dendritic 
cell

Giant cell

Mycobacterium
tuberculosis

Figure 1 | Structure and cellular constituents of the tuberculous granuloma. The tuberculous granuloma at  
its most basic is a compact, organized aggregate of epithelioid cells — macrophages that have undergone a specialized 
transformation to have tightly interdigitated cell membranes that link adjacent cells. Epithelioid cells can be highly 
phagocytic but in some cases do not contain bacteria at all. Granuloma macrophages can also fuse into multinucleated 
giant cells or differentiate into foam cells, which are characterized by lipid accumulation. Foam cells have been noted to 
be most frequently located at the rim of the necrotic centre of a mature tuberculous granuloma. The consequences of 
these changes are not well understood, but in general foam cells and multinucleated giant cells have been reported to 
contain only a few bacteria, if any. Bacteria are most commonly present in the central necrotic areas in which dead and 
dying macrophages can be seen. Many other cell types also populate the granuloma, such as neutrophils, dendritic cells, 
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region encodes a type VII 
secretion system, namely 
ESX-1, an important substrate 
of which is early secreted 
antigen 6 (ESAT6). 
ESX-1-mediated secretion  
and ESAT6 are essential for 
mycobacterial virulence and 
have been implicated in 
phagosomal escape, cytolysis 
and pore formation, the 
induction of apoptosis and the 
recruitment of macrophages. 
The deletion of RD1 is thought 
to be the primary mutation 
responsible for attenuation of 
the Mycobacterium bovis 
vaccine strain bacillus 
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crucial event for restricting the expansion of bacterial 
populations60,62,63. However, the primary role of innate 
immunity in mediating bona fide tuberculous granu-
loma formation has been shown in the Mycobacterium 
marinum–larval zebrafish model (BOX  2), as these 
zebrafish are at a developmental stage at which adaptive 
immunity has not yet developed52–54.

A highly dynamic structure promoting bacterial prolif-
eration. The ability to visualize cellular events of granu-
loma formation at the whole-animal level in zebrafish 
(BOX 2) has provided new insight into the mechanisms 
and consequences of granuloma formation. Mycobacteria 
exploit granuloma formation for their proliferation 
and dissemination within the host23,64–66. The first clue 
regarding the complex role of granulomas came from 
the discovery that epithelioid granulomas can form in 
zebrafish larvae in the context of innate immunity only66. 

It was subsequently found in this model that granuloma  
formation coincided with the accelerated bacterial  
proliferation that was widely thought to precede it65. 
Moreover, mycobacteria lacking the ESX-1 secretion  
system, which is encoded by the RD1 locus and has a  
crucial role in virulence, caused an attenuated infection 
that was accompanied by poor granuloma formation65. 
These findings indicated that granuloma formation might 
actually aid bacterial proliferation.

Dynamic imaging studies in zebrafish larvae have 
revealed several unexpected findings about the mecha-
nisms of tuberculous granuloma formation that contra-
dict long-held views based on static images64,66 (FIG. 2). 
Macrophages arriving at forming granulomas con-
tinue to move rapidly within these structures. These 
macro phages have similar morphological features to 
leuko cytes undergoing chemotaxis and move at speeds 
comparable to those of leukocytes responding to a 
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Figure 1 | Structure and cellular constituents of the tuberculous granuloma. The tuberculous granuloma at  
its most basic is a compact, organized aggregate of epithelioid cells — macrophages that have undergone a specialized 
transformation to have tightly interdigitated cell membranes that link adjacent cells. Epithelioid cells can be highly 
phagocytic but in some cases do not contain bacteria at all. Granuloma macrophages can also fuse into multinucleated 
giant cells or differentiate into foam cells, which are characterized by lipid accumulation. Foam cells have been noted to 
be most frequently located at the rim of the necrotic centre of a mature tuberculous granuloma. The consequences of 
these changes are not well understood, but in general foam cells and multinucleated giant cells have been reported to 
contain only a few bacteria, if any. Bacteria are most commonly present in the central necrotic areas in which dead and 
dying macrophages can be seen. Many other cell types also populate the granuloma, such as neutrophils, dendritic cells, 
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Figure 1 | Structure and cellular constituents of the tuberculous granuloma. The tuberculous granuloma at  
its most basic is a compact, organized aggregate of epithelioid cells — macrophages that have undergone a specialized 
transformation to have tightly interdigitated cell membranes that link adjacent cells. Epithelioid cells can be highly 
phagocytic but in some cases do not contain bacteria at all. Granuloma macrophages can also fuse into multinucleated 
giant cells or differentiate into foam cells, which are characterized by lipid accumulation. Foam cells have been noted to 
be most frequently located at the rim of the necrotic centre of a mature tuberculous granuloma. The consequences of 
these changes are not well understood, but in general foam cells and multinucleated giant cells have been reported to 
contain only a few bacteria, if any. Bacteria are most commonly present in the central necrotic areas in which dead and 
dying macrophages can be seen. Many other cell types also populate the granuloma, such as neutrophils, dendritic cells, 
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Hypervirulent mycobacteria induce necrotic cell death



What are the effects of eATP on virulent and 
hypervirulent intracellular mycobacteria?



Hypervirulent mycobacteria are resistant to eATP-
induced effector mechanisms
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Figure 1 | Structure and cellular constituents of the tuberculous granuloma. The tuberculous granuloma at  
its most basic is a compact, organized aggregate of epithelioid cells — macrophages that have undergone a specialized 
transformation to have tightly interdigitated cell membranes that link adjacent cells. Epithelioid cells can be highly 
phagocytic but in some cases do not contain bacteria at all. Granuloma macrophages can also fuse into multinucleated 
giant cells or differentiate into foam cells, which are characterized by lipid accumulation. Foam cells have been noted to 
be most frequently located at the rim of the necrotic centre of a mature tuberculous granuloma. The consequences of 
these changes are not well understood, but in general foam cells and multinucleated giant cells have been reported to 
contain only a few bacteria, if any. Bacteria are most commonly present in the central necrotic areas in which dead and 
dying macrophages can be seen. Many other cell types also populate the granuloma, such as neutrophils, dendritic cells, 
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Figure 1 | Structure and cellular constituents of the tuberculous granuloma. The tuberculous granuloma at  
its most basic is a compact, organized aggregate of epithelioid cells — macrophages that have undergone a specialized 
transformation to have tightly interdigitated cell membranes that link adjacent cells. Epithelioid cells can be highly 
phagocytic but in some cases do not contain bacteria at all. Granuloma macrophages can also fuse into multinucleated 
giant cells or differentiate into foam cells, which are characterized by lipid accumulation. Foam cells have been noted to 
be most frequently located at the rim of the necrotic centre of a mature tuberculous granuloma. The consequences of 
these changes are not well understood, but in general foam cells and multinucleated giant cells have been reported to 
contain only a few bacteria, if any. Bacteria are most commonly present in the central necrotic areas in which dead and 
dying macrophages can be seen. Many other cell types also populate the granuloma, such as neutrophils, dendritic cells, 
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induction of apoptosis and the 
recruitment of macrophages. 
The deletion of RD1 is thought 
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crucial event for restricting the expansion of bacterial 
populations60,62,63. However, the primary role of innate 
immunity in mediating bona fide tuberculous granu-
loma formation has been shown in the Mycobacterium 
marinum–larval zebrafish model (BOX  2), as these 
zebrafish are at a developmental stage at which adaptive 
immunity has not yet developed52–54.

A highly dynamic structure promoting bacterial prolif-
eration. The ability to visualize cellular events of granu-
loma formation at the whole-animal level in zebrafish 
(BOX 2) has provided new insight into the mechanisms 
and consequences of granuloma formation. Mycobacteria 
exploit granuloma formation for their proliferation 
and dissemination within the host23,64–66. The first clue 
regarding the complex role of granulomas came from 
the discovery that epithelioid granulomas can form in 
zebrafish larvae in the context of innate immunity only66. 

It was subsequently found in this model that granuloma  
formation coincided with the accelerated bacterial  
proliferation that was widely thought to precede it65. 
Moreover, mycobacteria lacking the ESX-1 secretion  
system, which is encoded by the RD1 locus and has a  
crucial role in virulence, caused an attenuated infection 
that was accompanied by poor granuloma formation65. 
These findings indicated that granuloma formation might 
actually aid bacterial proliferation.

Dynamic imaging studies in zebrafish larvae have 
revealed several unexpected findings about the mecha-
nisms of tuberculous granuloma formation that contra-
dict long-held views based on static images64,66 (FIG. 2). 
Macrophages arriving at forming granulomas con-
tinue to move rapidly within these structures. These 
macro phages have similar morphological features to 
leuko cytes undergoing chemotaxis and move at speeds 
comparable to those of leukocytes responding to a 
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Figure 1 | Structure and cellular constituents of the tuberculous granuloma. The tuberculous granuloma at  
its most basic is a compact, organized aggregate of epithelioid cells — macrophages that have undergone a specialized 
transformation to have tightly interdigitated cell membranes that link adjacent cells. Epithelioid cells can be highly 
phagocytic but in some cases do not contain bacteria at all. Granuloma macrophages can also fuse into multinucleated 
giant cells or differentiate into foam cells, which are characterized by lipid accumulation. Foam cells have been noted to 
be most frequently located at the rim of the necrotic centre of a mature tuberculous granuloma. The consequences of 
these changes are not well understood, but in general foam cells and multinucleated giant cells have been reported to 
contain only a few bacteria, if any. Bacteria are most commonly present in the central necrotic areas in which dead and 
dying macrophages can be seen. Many other cell types also populate the granuloma, such as neutrophils, dendritic cells, 
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This study provides a perspective for the development 
of new therapeutic approaches in which drugs 

designed to inhibit the P2X7 receptor are used to 
ameliorate the outcomes of aggressive forms of TB. 





We postulate that the massive death of macrophages 
induced by hypervirulent mycobacteria triggers a vicious 

circle, in which the release of large amounts of ATP 
exacerbates the pulmonary recruitment of monocytes/

macrophages (pneumonia) and thereby leads to further cell 
destruction (necrosis) through activation of the P2X7R. 

Adenosine 



The purinergic signalling following tissue injury has three 
temporal phases

Cekic and Linden (2015) Nature Rev. Immunol., 16: 177-192.





Adenosine inhibits T cell activation

Cekic and Linden (2015) Nature Rev. Immunol., 16: 177-192.



Hypervirulent mycobacterial strains show various 
degrees of pathogenicity 
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Lung CD4+ T cells from mice infected with most 
virulent strains are suppressed
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Lung CD4+ T cells from mice infected with most 
virulent strains are suppressed



 PE-anti-CD45 mAb i.v.
(intravascular cell staining)

Specific CD4+ T cells in the pulmonary parenchyma of 
mice infected with most virulent strains are suppressed



CD4+ T cells in the lung parenchyma of MP287/03 Mbv-
infected mice express ecto-ATPases



Inhibition of adenosine receptors by caffeine increases 
CD4+ T cell numbers in the lung parenchyma of 

MP287/03 Mbv-infected mice



Inhibition of adenosine receptors by caffeine restores 
IFN-gamma production by specific CD4+ T cells in the 

lung parenchyma of MP287/03 Mbv-infected mice

!



Inhibition of adenosine receptors by caffeine improves 
protection against MP287/03 Mbv
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