
[Frontiers in Bioscience E4, 41-55, January 1, 2012] 

41 

Purinergic signaling in giant cell formation 
 
Irma Lemaire1, Simonetta Falzoni2, Elena Adinolfi2 
 
1Department of Cellular and Molecular Medicine, Faculty of Medicine, University of Ottawa, Ottawa, Ontario, Canada,  
2Department of Experimental and Diagnostic Medicine, Section of General Pathology, Interdisciplinary Center for the Study of 
Inflammation, University of Ferrara, Ferrara, Italy 
 
TABLE OF CONTENTS 
 
1. Abstract  
2. Introduction 
3. Osteoclasts as physiological multinucleated giant cells 
4. Multinucleated giant cells, a feature of chronic inflammatory disorders 
  4.1.  Infective inflammation 
  4.2.  Inflammation of unknown etiology 
  4.3.  Sterile inflammation 
5. P2X7  receptor -dependent signaling and  MGC Formation 
 5.1.  What turns on P2X7 activation during macrophage fusion and MGC formation? 
 5.2.  Pore forming activity: a critical component of P2X7-driven MA fusion? 
 5.3. P2X7-downstream  effectors that might mediate macrophage fusion 
 5.4. Potential link between P2X7 and P1 receptors for adenosine in the fusion process 
6. Putative role of purinergic signaling in osteoclast fusion    
7.     Acknowledgments 
8.    References 
 
 
 
 
 
 
 
 
 
 
 
 
1. ABSTRACT 
      
  Cell fusion into multinucleated giant cells (MGC) 
is an essential process that contributes to many important 
biological mechanisms in mammalians. In the bone and 
immune system, macrophages are endowed with a 
remarkable potential for cell fusion events as evidenced by 
their propensity to fuse with other cells and between 
themselves during both normal processes and disease. 
Macrophage fusion is critical for the normal development 
of multinucleated osteoclasts, the cells responsible for bone 
resorption. Macrophages from various tissue compartments 
also undergo fusion into MGC, a hallmark of 
granulomatous inflammation. To date, the mechanisms 
underlying macrophage fusion remain poorly understood. 
Receptor-ligand interactions are thought to mediate this 
process and several lines of evidence implicate purinergic 
receptors in both osteoclast and MGC formation. Notably, 
the P2X7 receptor for extracellular ATP is expressed in 
osteoclasts and in many types of granulomas associated 
with infection, foreign body response and sterile 
inflammation. Through their ability to sense extracellular 
cues and ATP, a messenger of intercellular communication, 
purinergic receptors likely contribute to cell-cell 
interactions that result in macrophage fusion.  

 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION 
 
 Herein, we highlight the importance of 
macrophage fusion in bone and inflammation and the 
implication of purinergic signaling as a critical component 
of this process. In particular, a role for P2X7 in MGC 
formation is emphasized and evidence that may provide 
insights into the mechanisms underlying P2X7 action is 
presented. The relationships of P2X7 to known molecular 
mediators of cell fusion and its potential contribution to 
membrane destabilization and reorganization are discussed. 
We also address the putative role of the nuclear factor of 
activated T cells (NFAT) as an important purinergic-driven 
signaling pathway in osteoclast and macrophage fusion.  

 
3. OSTEOCLASTS AS PHYSIOLOGICAL 
MULTINUCLEATED GIANT CELLS 
  
 Osteoclasts are multinucleated giant cells that are 
found in bone of healthy individuals; they are cells of the 
monocyte-macrophage lineage deriving from hematopoietic 
progenitors. The basic physiological role of osteoclasts is 
extracellular resorption of mineral and organic bone matrix 
components. Indeed, despite its static appearance, bone is a 
dynamic tissue that continuously undergoes  a process 
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involving breakdown (resorption) and buildup (formation), 
which are mediated by osteoclasts and osteoblasts 
respectively. Resorption is necessary for  remodeling 
during skeletal growth and tooth eruption but also to 
guarantee the continous replacement of fatigued bone with 
new one and to regulate blood calcium levels (1). Skeletal 
bone is the main calcium source in the body since a 
constant extracellular Ca2+ concentration is guaranteed by 
osteoclast-mediated bone disruption. To maintain a 
constant bone mass, a negative feedback is activated by 
the  high calcium concentrations (40 mM) reached  in 
bone lacunae during bone resorption which cause 
apoptosis of osteoclasts. At the same time, osteoblast 
proliferation and differentiation are increased resulting in 
bone maintenance (2).  Perturbations of the balance of 
osteoclast/osteoblast activities can result in skeletal 
abnormalities, such as osteopetrosis, osteoporosis and 
bone loss linked to rheumatoid arthritis or cancer (3). 
Osteopetrosis is due to increased bone density and is 
mainly associated with rare hereditary disorders. By 
contrast, osteoporosis is a disease affecting millions of 
people in the world, especially post-menopausal women 
and elderly of both genders, but also immobilized 
patients and even astronauts exposed for a long time to 
zero gravity. Osteoporotic patients present reduced bone 
density and frequently undergo invalidating  fractures. 
Bone loss is also a secondary effect of several 
pathologies such as rheumatoid arthritis and 
hematological neoplasias, like multiple myeloma (4). 
The detrimental effects of  excessive osteoclast activity 
render the study  of these cells really important. In 
particular, osteoclasts are the only   cells known to behave 
as polykarions in physiological conditions.  
 
 Differentiation of osteoclasts from 
monocyte/macrophage lineage precursors requires the 
presence of  the cytokine  receptor activator of NF-kappa B 
ligand (RANKL) and macrophage colony-stimulating 
factor (M-CSF) that are produced by osteoblasts and 
stromal cells exposed to PTH or other bone resorbing 
hormones. Membrane-bound or soluble RANKL binds to 
its  receptor RANK on osteoclasts, giving rise to a series of 
signals  responsible for osteoclast differentiation and 
fusion. Among the signaling pathways activated are those 
of the transcription factors NF-kappa B, AP1 and NFAT 
(3). Osteoclasts to become active,  after cytokine-mediated 
differentiation, go through a three stage process: 1) 
monocyte/macrophage precursors become preosteoclasts 
expressing characteristic proteins such as TRAP and 
calcitonin receptor; 2) mononucleate preosteoclasts fuse 
together  to become non functional multinucleated 
osteoclasts that are polykarions lacking ruffled borders and 
thus cannot resorbe bone; 3)  non functional polykarions 
are activated into resorbing osteoclasts by various factors 
such as RANKL, TNF-alpha and LPS. These fully 
activated, mature osteclasts have the capacity to resorbe  
bone and die after the resorption process is completed (1). 
A main requisite for the osteoclasts to resorb is to fuse 
forming multinucleated giant cells. Among multinucleated 
giant cells, osteoclasts are morphologically similar to 
foreign body giant cells (FBGC) with their nuclei randomly 
diffused into the cytoplasm. Nevertheless, osteoclasts, in 

humans, have a considerably reduced number of nuclei 
when compared to FBGC (5). Various evidence indicate a 
direct relashionship between the number of nuclei of the 
active osteoclast and its resorbing activity. For example 
osteoclasts of patients with Paget’s disease that involves 
excessive bone resorption, present a greatly increased 
number of nuclei. Similarly, in birds, which require the 
ability of a fast mobilization of calcium to allow for egg 
formation, the osteoclasts show a greater number of nuclei 
than those of mammals (1). As for the other polykarions, 
the mechanisms underlying  osteoclast multinucleation is 
far from being elucidated.  
  
4. MULTINUCLEATED GIANT CELLS , A 
FEATURE OF CHRONIC INFLAMMATORY 
DISORDERS 
 

Myeloid precursor cells in the bone marrow 
differentiate directly or via circulating monocytes, into 
tissue macrophages that harbour specific characteristics 
dictated by their respective microenvironment. Resident 
macrophages are present constitutively in all tissues in 
absence of overt inflammation where they perform trophic 
and homeostatic roles. They are at the interface of innate 
and adaptive immunity due to their ability on one hand, to 
engulf invading microbes  or cell debris and remove 
apoptotic cells, and on the other hand, to secrete a wide 
array of immunomodulatory cytokines, present antigens to 
T cells and act as  accessory cells in lymphocyte activation 
(6). Consequently, macrophages are characterized  by a 
high degree of heterogeneity and adapt  their phenotype to 
suit the microenvironment in which they reside.  In an 
attempt to classify/distinguish macrophage populations, a 
nomenclature based on the different behaviour of 
macrophages has been introduced (7). It is generally 
thought that M1 macrophages function as bactericidal, 
antigen presenting cells and promote the differentiation of 
naïve CD4+ T cells into Th1 effector lymphocytes. M1 
macrophages are induced by lipopolysaccharide, the 
archetype of bacterial antigen, and interferon-gamma (8), 
and are defined as highly activated pro-inflammatory 
macrophages. In contrast, M2 macrophages promote CD4+ 
Th2 lymphocyte and regulatory T cell (Treg) differentiation 
(9), and are activated by the type 2 cytokines IL-4, IL-10 
and IL-13. M2 macrophages are referred to as alternatively 
activated macrophages and have been associated with 
repair processes and attenuation of excessive inflammation.  

 Macrophage plasticity is further illustrated by their 
singular capacity to fuse into MGC (10), in response to 
either physiologic stimuli to form osteoclasts or 
inflammatory agents such as  microorganisms or non 
digestible foreign materials. During this process, 
macrophages switch their pluripotent activity to more 
specialized functions aimed at resorbing tissue or 
eliminating invading agents. As a continuum of 
macrophage plasticity, MGC also harbour various 
morphologic phenotypes depending on the local 
environment and the chemical and physical nature of the 
agent to which the MGC and the monocyte-macrophage 
precursors are responding. The most described 
morphological variants of MGC  include Langhans Giant 
Cell  (LGC) with nuclei located at the cell periphery in a
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Table 1. Typical features of immune response and MGC in different pathological conditions 
Granuloma related pathologies Immune 

response 
Pattern of cytokine Giant Cell type  

Mycobacterium tuberculosis Th1 IFN-gamma, TNF-alpha Small LGC  with bactericidal functions 
High virulent  M. Tuberculosis 
 

Th1 shift to Th2 IL-4, IL-10, IL-13 antigen presenting LGC with low phagocytic properties 

Mycobacterium leprae: 
Tubercoloidleprosy 

 CD4+Th1 
 

IFN-gamma, IL-12, IL-15 
 

LGC 
 

Lepromatous leprosy CD4+,CD8+ Th2 IL-10, IL-13 LGC 
Schistosomiasis: Eggs induced granuloma  CD4+ Th2 

 
IL-4, IL-2, IL-13 Large LGC (> 50 nuclei in IL-12 KO) absence of Th1 

response  
Sarcoidosis CD4+Th1 IFN-gamma, IL-2, IL-6, 

TNF-alpha 
LGC and  rarely FBGC 

Giant cells artheritis CD4+ Th1 IFN-gamma, IL-1beta, IL-6 FBGC  associated with calcification of internal elastic lamina  
and rarely LGC 

Foreign body reaction to biomaterials: 
implants 

Th2 GM-CSF, IL-4, 
IL-13 

FBGC 
 

Silicosis, Asbestosis (silica particles, 
asbestos fibers). 

Th1 IL-1beta, TNF-alpha, IL-6 LGL and FBGC 

 

horseshoe fashion, and Foreign Body  Giant Cells (FBGC) 
characterized by a large cytoplasm with nuclei randomly 
distributed inside the cells (11). It is not clear whether these 
morphological variants arise through the fusion of 
macrophages polarized to the M1 or M2 state (12-13). 
Alternatively, they may represent different stages of 
macrophage fusion with LGC, which contain a smaller 
number of nuclei, preceding that of FBGC (14). 

 Although considered an uncommon event, 
homotypic fusion of macrophages into MGC is a hallmark 
of chronic inflammatory granulomatous reactions (15), and 
has been observed in many pathological conditions, 
including infection, immune reactions to foreign materials 
and various diseases of unknown etiology (16). This is 
summarized in Table 1. 

4.1. Infective inflammation 
In infective granulomas, including  tuberculosis 

and  leprosy, the MGC derived from  infection by 
intracellular bacteria are referred to as ‘immune MGC’ and 
morphologically, are typical of  LGC (17). In tuberculosis, 
macrophages are the principal host cells for the intracellular 
replication of M. tuberculosis.  At the same time, they act 
as antigen-presenting cells (APCs) and play an important 
role in the killing of mycobacteria (18). Protective 
immunity to M. tuberculosis relies on cell-mediated 
immune response, driven mainly by CD4+ and CD8+ T 
cells with a Th1 cytokine profile and consequent release of 
IFN-gamma, IL-2 and TNF- alpha. Overall, acquired 
resistance against M. tuberculosis  appears to require the 
generation of a T cell-mediated immune response, the 
activation of infected macrophages and the formation of 
granuloma that prevents dissemination of the mycobacteria 
and acute tuberculosis (19). The majority of cells in the 
granuloma are epithelioid macrophages with abundant 
cytoplasm  and Langhans giant cells. In spite of 
macrophage activation by Th1-derived IFN-gamma that 
allows acidification of phagosome and production of 
nitrogen species, some bacteria escape macrophage killing 
(20). This in turn induces a chronic response by the host 
with the development of a granulomatous response 
promoted by Th2 cells with release of IL-4, IL-13 and IL-
10 (21-22). LGC become enlarged and are incapable of  
phagocytosis  but still retain a strong  antigen presentation 
capability (23). For many intracellular bacteria, clearly an

 

imbalance of Th1/ Th2 response is thought to contribute to 
the dissemination of infection and fibroproliferative 
disorder (24).  

Recently Li and co-workers (25) have shown that 
a loss-of-function P2X7 polymorphism contributes to the 
variability in susceptibility to mycobacterial infection 
through abolition of P2X7-mediated macrophage apoptosis. 
In addition, J774 macrophages with defective P2X7 
function as well as macrophages from individuals with 
polymorphism of the P2X7 gene infected in vitro with 
Bacillus Calmette Guerin, become resistant to apoptosis 
and loose the ability to fuse and form MGC (Falzoni and 
Chiozzi, unpublished observations). These observations 
suggest a link between P2X7 and steps that are 
fundamental for killing mycobacterium and limiting its 
dissemination (26-27). 

 
Granuloma  is also a feature of reactions to 

helminth  and in particular, to Schistosoma mansoni. 
Schistosomiasis is a disease characterized by hepatic and 
intestinal granuloma formation around deposited parasite 
eggs and tissue fibrosis. It is known that deposited eggs 
secrete soluble egg antigens into surrounding tissue that 
evoke a T-cell mediated granuloma(28). The granuloma 
consists of eosinophils, monocytes, lymphocytes, epitheloid 
cells and some MGC that surround eggs together with 
fibroblasts and various amounts of collagen fibres. In 
murine schistosomiasis, pathogenesis is induced by 
CD4+Th2 cells and IL-4 and IL-13 drive the response 
against soluble egg antigens and induce fibrosis (29), while 
IL-10, IFN-gamma and a subset of regulatory T-cells act to 
limit schistosome-induced pathology (30). 

 
4.2. Inflammation of unknown etiology 
 The formation of MGC is also observed in many 
different disorders classified as inflammatory autoimmune 
diseases of unknown etiology including Crohn’s disease, 
sarcoidosis, giant cell arteritis, atherosclerosis, rheumatic 
arthritis, Langerhans cell histiocytosis and multinucleated 
giant cells in bone, lymph node and skin lesions (31-33). 
As mentioned above, those are disorders of the T-
lymphocyte-mediated inflammatory response to unknown 
antigenic stimuli, and most of them share a typical Th1 
response.  
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In giant cells arteritis, cellular infiltrates in 
inflamed adventitia of artery walls are composed of Th1 
lymphocytes that secrete a large amount of IFN-gamma 
able to activate macrophages  and induce MGC formation 
(34). Activated macrophages in the adventitia  produce 
significant levels of IL-1beta and IL-6, and resemble the 
highly activated monocytes circulating in the blood of 
patients. Moreover, activated macrophages release matrix 
metalloproteinases (MMP) that are able to digest arterial 
wall components, causing tissue destruction (35) . Antigens 
involved in the pathogenesis are not well defined  but 
analysis of giant  cells arteritis lesions indicated the 
presence of FBGC with LGL in some cases, suggesting the 
possibility that infection may also contribute to the 
pathogenesis of this disease (36). 

 
Recent investigations in immunology and 

molecular biology have provided evidence for a link 
between infectious agents such as mycobacterium and 
propionibacterial, and the development of sarcoidosis. 
Although the nature of the antigenic stimuli is not known 
(37-38), it is generally recognized that T lymphocytes in 
sarcoidal lesions are CD4+ that release Th1 cytokines such 
as IFN-gamma and IL-2 (39). Among the 
immunocompetent cells that constitute sarcoidal lesions, 
alveolar macrophages release a large amount of TNF-alpha, 
IL-1beta and IL-6 while macrophages isolated from 
granulomatous lymph nodes express high levels of IFN-
gamma, TNF-alpha and IL-12 (40). In addition, alveolar 
macrophages isolated from patients express high levels of 
intercellular adhesion molecule-1 and high density of class 
II indicating that antigen-presenting activity is enhanced 
(41). Quite interestingly, Mizuno and co-workers  have 
shown that monocytes from sarcoidosis patients express 
high levels of P2X7 receptor (42). Moreover, MGC 
formation in these patients was inhibited by irreversible 
blockade of P2X7 (43).  

  
4.3. Sterile inflammation 
 Foreign body reactions to biomaterials is well 
documented and have implications in tissue engineering 
and regenerative medicine. It is thought to be responsible 
for the failure of orthopaedic implants and many animals 
models have demonstrated the presence of MGC in 
response to different types of biomaterials (44). These 
reactions are predominantly driven by a Th2 response and 
are characterized by the presence of FBGC. 

Pulmonary response to inhaled toxic foreign 
particles and dusts is also characterized by macrophage 
fusion in MGC. The presence of MGC has been observed 
in lungs of patients with pneumoconiosis and irreversible 
fibrosis, notably following exposure to silica particles and 
asbestos fibers (45). Animal models of these diseases are 
characterized by chronic inflammatory reactions and the 
presence of both types of morphological variants in 
bronhoalveolar lavage and pulmonary interstitium (46-48). 

The basic cellular machinery that drives 
macrophage fusion and MGC formation is not well 
understood.  This process is likely to encompass a series of 
well ordered sequential steps including cell aggregation or 
clustering, adhesion, membrane merging and formation of 

intercellular bridges that ultimately lead to numerous nuclei 
contained within a single continuous plasma membrane. 
The formation of FBGC has been the most studied and 
several mediators including transcription factors, 
transmembrane proteins and cell surface molecules 
involved in the fusion process have now been identified. 
This has been the subject of recent reviews (33, 44, 49) and 
their detailed description is beyond the scope of this work. 
Our discussion will be limited to those molecules that 
might be relevant  to purinergic receptor-mediated 
macrophage fusion. 

 
5. P2X7 RECEPTOR-DEPENDENT SIGNALING  
AND MGC FORMATION 
 
 Most of the evidence implicating purinergic 
signaling in the formation of multinucleated giant cells 
relate to the P2X7 receptor for extracellular ATP.  
Following the original observation by Falzoni et al. (50) 
that P2X7 is expressed during human 
monocyte/macrophage differentiation into multinucleated 
macrophages, both direct and indirect evidence suggest a 
crucial role for this receptor in macrophage fusion:  1) 
P2X7 function/expression has been documented in relation 
to all three types of inflammatory granulomas as described 
above, notably in tuberculosis (51), sarcoidosis (42-43) and 
foreign body responses (52); 2) P2X7 is present on a wide 
range of macrophages and  a number of in vitro studies 
using macrophage preparations from various tissue 
compartments including human peripheral blood-derived 
macrophages (50), rat lung alveolar macrophages (53) and 
murine peritoneal macrophages (Lemaire, unpublished 
observations), have demonstrated the participation of P2X7 
in this process; 3) pharmacological blockade of P2X7 
inhibits macrophage fusion (27,50) whereas P2X7 
stimulation increases this process both in HEK293 cells 
transfected with full length P2X7 and in macrophages (54); 
4) heterologous cells transfected with a truncated inactive 
P2X7 (54), as well as macrophages devoid of P2X7 
function (27) and macrophages from mice lacking the 
P2X7 gene (Lemaire, unpublished observations) all display 
defective macrophage fusion. 
 
 The observations that macrophages from mice 
lacking the P2X7 retained the ability to form osteoclasts 
(55) and MGC (Lemaire, unpublished observations) have 
brought into question the role of P2X7 in this process. 
However it should be emphasized that these macrophages 
display a lower capacity than their wild-type counterparts 
to form MGC. The basal fusion index observed in these 
knockout macrophages may be related  to compensatory 
mechanisms, or the contribution of other P2 receptor(s). In 
connection with this, prolonged exposure of osteoclast 
precursors from P2X7-null mice to ATP was found to 
inhibit osteoclast fusion (56). Quite interestingly, 
macrophages lacking P2X7 fail to respond to stimuli or 
inflammatory cues suggesting that P2X7 is required for 
efficient promotion of MGC (Lemaire, unpublished 
observations). This would be consistent with the important 
role of P2X7 in inflammation, a reaction associated with 
MGC formation by macrophages in vivo. To date the 
implication of P2X7 in the cellular events resulting in 
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macrophage fusion is not understood.  It is not clear what 
mediators trigger P2X7 activation, which P2X7 function(s) 
are required and what stage(s) of the fusion process are 
mediated by P2X7.  Herein we highlight existing evidence 
that may provide some insights with respect to the 
mechanisms underlying P2X7 action.  We also discuss the 
potential implication of some P2X7-related pathways in 
this process. 
 
5.1. What turns on  P2X7 activation during macrophage 
fusion and MGC formation?  
 A wealth of evidence have linked P2X7 
activation to high millimolar concentrations of ATP and 
cytotoxic lethal effects, and this characteristic has been 
used to distinguish P2X7 from other members of the P2X 
receptor family.  However such well established paradigm 
represents only one facet of this intriguing receptor and is 
challenged by observations that high millimolar levels of 
extracellular ATP are unlikely to be available within the 
cell microenvironment given that intracellular ATP 
concentration is only 3-5 mM, and that most cells express 
significant ecto-ATPases activities. Even during chronic 
inflammation both ATP release and ATP metabolism are 
increased with the net balance likely resulting in low ATP 
levels present in the vicinity of P2X7. Furthermore, MGC 
formation is a regulated process involving many functional 
steps that require cell survival, as evidenced by the 
presence of long-lived macrophages within granulomas. 
Yet, there is no direct evidence that extracellular ATP, the 
physiological ligand of P2X7 can by itself increase MGC 
formation. Punctual in vitro addition of ATP to bulk 
extracellular milieu is unlikely to mimic the basal dynamic 
concentration of ATP available to P2X7 receptor located on 
plasma membranes of closely juxtaposed cells. As 
postulated for the reported trophic effects of P2X7 (57-59), 
an autocrine purinergic loop triggered by the release of 
endogenous ATP in the P2X7 microenvironment may be 
responsible for P2X7 activation during MGC formation. 
Consistent with this, P2X7 transfected cells display higher 
fusion index and MGC formation than empty vector 
transfectants in the absence of exogenous stimuli (54). 
P2X7 has been identified as a non-lytic pathway for ATP 
secretion (60) and evidence for autocrine activation of 
P2X7 via the release of endogenous ATP have been 
demonstrated in macrophages (60), human monocytes (61) 
and T cells (62). This process may occur following ATP 
accumulation within diffusion-restricted microdomains of 
the cell membrane that are not readily accessible to the 
extracellular compartment. Quite interestingly, P2X7 which 
is uniformly distributed on the plasma membrane of cells, 
concentrates in membranes clusters at the site of cell-cell 
interaction during the fusion of  macrophages and 
transfected cells (54, 63), a condition that may favor P2X7-
dependent ATP release, increased juxtamembrane ATP 
concentration and autocrine activation of  P2X7 at discrete 
membrane sites. 
 
 In this scheme, activation of P2X7 may be 
dependent on the critical balance between nucleotide 
metabolism and nucleoside generation. Such assumption is 
supported by a number of studies. Thus P2X7 reportedly 
desensitizes following continuous leakage of ATP from 

cells, and treatment with apyrase, a functional analog of 
CD39/NTPDase, re-established sensitivity to tonic 
stimulation by ATP resulting in trophic effect (64). More 
direct evidence for a putative role of CD39 in the regulation 
of P2X7 activation has been provided by the observations 
that cell-surface expression of CD39 was inversely 
correlated with P2X7 stimulation (65) while absence of 
CD39 was linked to unimpeded activation of P2X7 (66). 
Notably, overexpression of CD39 in macrophages was 
found to reduce ATP release by 71%, but did not totally 
suppress it with some residual ATP presumed to be leakage 
or release from macrophages themselves (65). This in turn, 
was correlated with diminished P2X7 stimulation. All 
together, these studies suggest a novel paradigm by which 
CD39 expressed on macrophage surface autoregulates the 
macrophage ambient nucleotide concentration thereby 
controlling P2X7 activation. In this regard, it is tempting to 
speculate that CD39/P2X7 interplay at juxtaposed 
membranes may control repeated episodes of brief ATP 
activation of P2X7, a condition known to result in 
membrane and cytoskeletal disruptions that are harmless 
and fully reversible (67). 
 
 Low threshold activation of P2X7 by 
extracellular ATP may be achieved through positive 
allosteric modulation via conformational changes of P2X7. 
Such mode of regulation requires the participation of 
accessory molecules and appears to be carried out through 
sutble membrane perturbations including changes in 
membrane constituents during cellular responses. Among 
these, arachidonic acid, which regulates a range of 
biological effects including cell growth, differentiation and 
viability, increases the potency of ATP acting at P2X7 (68). 
Other membrane components, notably lysolipids, also 
increase the effects of sub-maximal ATP concentrations at 
P2X7 (69-70), and relatively high concentrations of 
lysolipids in close proximity to the P2X7 receptor can be 
generated by phospholipase A2 activation. An important 
feature of active lipids is the presence of a single long acyl 
chain, suggesting that disruption of the ordered structure of 
the lipid bilayer following their membrane insertion is 
required for their effects (70). Of particular interest is the 
observation that lysophosphatidylserine increased agonist 
potency without apparent cell lysis. Given that P2X7 
activation causes externalization of phosphatidylserine 
(71), as suggested (70), this may favour 
lysophosphatidylserine production via extracellular 
phospholipase A2 thus providing a mean by which P2X7 
could autoregulate its activation by low ambient ATP 
concentrations. There is evidence that some antimicrobial 
peptides, notably the peptide antibiotic polymyxin B 
(PMB) (72-73) and human cathelicidin LL-37 (74), 
potentiate the effects of low ATP concentrations through 
allosteric modulation of P2X7. Their effects are thought to 
be related to their amphipathic conformations and their 
ability to insert within hydrophobic/hydrophilic interface of 
membranes and bind to phosphatidylcholine/cholesterol 
bilayers. The findings that PMB promotes MGC formation 
by HEK cells tranfected with full length P2X7 and 
macrophages (54) suggest that a lipid-P2X7 loop may be 
involved during the process of macrophage fusion. 
Consistent with this, GM-CSF which stimulates 
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macrophage fusion (75-76) reportedly induces 
phospholipid metabolism (77). Another potential 
mechanism for positive allosteric action at the P2X7 may 
involve extracellular nicotinamide adenine nucleotide 
acting via a GPI-anchored ADP-ribosyltransferase 
(ART2.1). This ectoenzyme catalyses ADP-ribosylation of 
arginine residues on the P2X7 ectodomain, a modification 
sufficient to decrease the threshold for gating of P2X7 in 
response to ATP binding (78). Therefore, NAD which is 
released during the early stage of inflammatory response 
can act synergistically with ATP to regulate P2X7 signaling 
in macrophages during the fusion process.  
 
5.2. Pore-forming activity: a critical component of 
P2X7-driven macrophage fusion? 
 Pore formation is an important step in a variety of 
fusion events notably fusion between target cell and viral 
membranes (79), cell-cell fusion triggered by viral proteins 
(80) and myoblast fusion during myotube formation in 
muscle (81). The hallmark of P2X7 activation is its ability 
to form a pore that allows influx of low molecular mass 
solutes into the cytoplasm. Therefore it is reasonable to 
assume that P2X7-induced macrophage fusion may be 
related to its capacity to undergo conformational changes 
through membrane lipids reorganization and to form a 
membrane pore. As yet, unequivocal evidence that the 
P2X7-dependent pore is a requisite for effective 
macrophage fusion is lacking and its putative role in the 
fusion process remains an unresolved issue. However, 
indirect/circumstantial evidence indicate that pore-forming 
activity may be an important attribute for inducing cell 
fusion. Thus pharmacological blockade of P2X7- pore-
forming activity by oxidized ATP and the antagonist KN-
62 also blocks macrophage fusion (27,50). Conversely, 
PMB which enhances pore activity (73) also promotes 
macrophage fusion (54). Additional evidence come from 
observations that cells transfected with full length P2X7 
display an higher fusion index whereas such pro-fusing 
phenotype is lost in cells expressing a P2X7 lacking the C-
terminal domain and unable to form the pore (54). 
Similarly, macrophage clones selected for ATP resistance 
and loss of pore forming activity fail to form MGC (27). In 
line with this, an independent study reported that osteoclast 
formation in RAW macrophage-like cells is prevented by 
down-regulation of P2X7 in cells made resistant to ATP 
and transiently devoid of pore formation, but resumes upon 
recovery of P2X7-dependent pore-forming activity (82). 
 
 It can be argued that P2X7-dependent pore 
formation has been linked to cytolytic effects of the 
receptor. How this paradigm could be reconciled with 
potential implication of such pore in macrophage fusion, a 
regulated process that requires healthy cells? Some insight 
may be provided by the observations that brief ATP 
activation of P2X7 is coupled to pore-forming activity that 
is fully reversible and non-lethal (67). In addition, a recent 
study using a P2X7 point mutant with ablated pore forming 
capacity demonstrates a trophic role for P2X7 pore in 
driving microglial cell proliferation (83). Indirect support 
for the existence of such P2X7 trophic pore comes from 
other observations that human cathelicidin LL-37, which 
stimulates fibroblast growth, also enhances P2X7-

dependent pore formation (74). Quite intriguingly, LL-37 
leads to pore-forming activity in cells expressing a 
truncated P2X7 unable to generate the non-selective pore 
typical of the full length receptor. This coupled to the 
finding that such effect is not abrogated by inhibition of 
Pannexin-1 (Panx-1) raise the interesting possibility that 
induction of the trophic pore may be triggered through 
distinct mechanisms.  
 
 Assuming that pore formation is critical for 
macrophage fusion, the question remains as to what could 
be the putative role of the pore in the process? Its 
implication as a conduit for ATP release that could 
contribute to autocrine stimulation or as an effector of 
membrane bridging between partner cells is at present 
unknown. These two possibilities however are not mutually 
exclusive. As summarized before, macrophages must 
undergo an ordered sequence of functional events in order 
to be able to fuse with partner cells. It is noteworthy that a 
series of parallel and consecutive podosomes expressing 
high levels of P2X7 at sites of cell contact is seen during 
interaction between partner macrophages (63). This may be 
related to the formation of a network of small pores within 
apposed membranes which, following membrane 
reorganization, generate larger areas of junctional 
cytoplasm that eventually result in complete mixing of 
cytoplasm from the two partners involved. This is clearly 
speculative but is reminiscent of the proposed model for 
anchor cell fusion in C.elegans which suggests that 
multiple pores form, enlarge and coalesce (84).  
     
5.3. P2X7- downstream effectors that might mediate 
macrophage fusion 
 The final cellular steps identified as critical for 
cell fusion are membrane alignment and membrane pore 
and resolution (81). During fusion of target cell with virus, 
fusion is thought to proceed through a “hemifusion” 
intermediate in which the outer membrane leaflets undergo 
lipid mixing prior to fusion pore formation, enlargement 
and completion of fusion (79). By analogy with this type of 
fusion event, macrophages may undergo similar cellular 
changes many of which could be potentially mediated 
through P2X7. 
 
  In particular, brief activation of P2X7 triggers 
rapid (within seconds) exposure of phosphatidylserine (PS) 
on the outer membrane (71) in a non apoptotic fashion (85). 
This in turn, as discussed previously, may favor other 
lipids-P2X7 interactions with consequent increase of P2X7 
gating in response to low ambient ATP levels. Transient 
and reversible PS translocation has been associated with a 
number of physiological cell responses (86) and within the 
context of cell fusion, may represent a pre-requisite step for 
regulated pore formation. Indeed, PS exposure on the cell 
surface has been associated with the fusion of 
cytotrophoblast (87), cardiomyocytes (88), myoblasts (89) 
and more recently, was found to be required for 
macrophage fusion (90).  
 
 It is known that PS distribution modulates rapidly 
the activities/distribution of several membrane proteins 
(85). One obvious candidate that may regulate pore 
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formation during macrophage fusion is Panx1 hemichannel 
protein. Panx1 has been shown to be part of the pore 
forming unit of the P2X7 receptor (91-92). The gating of 
Panx1 hemichannels by P2X7 appears to result on one 
hand, in pore forming activity and on the other hand, in the 
facilitation of ATP release for extracellular signaling that 
include both autocrine/paracrine actions (93). Additional 
evidence indicate that modulation of Panx1 hemichannel 
opening may be achieved by submillimolar levels of 
extracellular ATP that rapidly and reversibly suppress pore 
formation as assayed by ethidium bromide influx in 
Xenopous oocytes (94). This points to Panx1 as an 
important molecule involved in feedback inhibition of 
P2X7 activation through ATP release and suggest that fine 
tuning of Panx1 hemichannel opening may be critical for 
regulated pore formation. Such mechanism would be 
compatible with repeated cycles of brief pulses of P2X7 
activation and regulated pore formation, a condition likely 
required for macrophage fusion. As yet, there is no 
evidence for a role of Panx1 in macrophage fusion, and the 
use of animals lacking Panx1 may help clarify this issue. 
 
   The formation of intercellular bridges allowing 
direct intercellular communication via diffusion of ions, 
metabolites and small soluble molecules during 
macrophage fusion may require the docking of 
hemichannels present on partner cells. Such process 
resulting in gap junction formation appears to be a selective 
property of connexins since the formation of intercellular 
channels by Panx1 is unlikely given the presence of a 
glycosylation site in the extracellular domain of this protein 
(95). Intriguingly, the expression of P2X7 on both partner 
cells is required for fusion of cells transfected with P2X7 
(Lemaire, unpublished observations) and macrophages 
(63). Of direct relevance to this, P2X7 has been shown to 
interact with connexin 43 (Cx43). Thus P2X7 and Cx43 co-
localize to the membrane of macrophages, and some 
evidence has been provided that the presence of P2X7 at 
the cell surface facilitates membrane insertion of Cx43 and 
the formation of gap-junction channels (96). Quite 
interestingly, human cytrophoblast treated with Cx43 
antisense oligonucleotides were found to fuse poorly (97). 
Moreover, Cx43 expression as well as gap junctional 
communication have been observed between macrophages 
and FBGC and between FBGC after implantation of 
biomaterial in animals (98). All together these observations 
point to a role of connexins, particularly Cx43 in mediating 
P2X7-dependent macrophage fusion. 
 
 The macrophage cytoskeleton is important for 
numerous functions associated with macrophage fusion 
including changes in cell morphology, migration and 
membrane organization. The P2X7 has been shown to form 
a large macromolecular complex in the membrane with 
cytoskeletal proteins, notably with actin (99). Recent 
evidence indicate that P2X7 is involved in rapid assembly 
of actin at the plasma membrane (100), an event likely 
required for membrane organization. Also, a close 
interaction between P2X7 and nonmuscle myosin, another 
component of the cytoskeleton, has been demonstrated 
(101). Quite interestingly, ATP was found to dissociate 
nonmuscle myosin from the P2X7 complex, an event that 

leads to increased P2X7 pore formation. It has been 
proposed that this may be a mechanism by which P2X7 
undergoes transition from channel to pore, and that 
dissociation of P2X7 from its cytoskeletal attachments may 
allow pore formation possibly through interaction with 
pore-forming proteins such as Panx1.  
 
  Overall, without excluding the potential 
implication of P2X7 at multiple steps of the fusion process, 
its attributes which include interactions with membrane 
lipids, hemichannel proteins, and cytoskeletal actin and 
myosin speak for a more prominent role of P2X7 in the 
final stages of membrane fusion. 
 
5.4. Potential link between P2X7 and P1 receptors for 
adenosine in the fusion process 
 The observations that apyrase potentiates MGC 
formation by macrophages (63) and HEK293 cells 
tranfected with P2X7 (Lemaire, unpublished observations) 
raise interesting questions with respect to P2X7 implication 
in MGC formation. As discussed previously, CD39 may 
play a role in regulating basal low ATP stimulation of 
P2X7 (65). Even in the presence of apyrase, a functional 
analog of CD39/NTPdase, suboptimal concentrations of 
ATP sufficient to cause P2X7 activation may be present in 
the vicinity of the receptor. On the other hand, considering 
that P2X7 is a conduit for ATP release, ATP metabolism 
through the serial actions of ecto-apyrase and ecto-5’ 
nucleotidase would result in the formation of adenosine 
which has been shown to promote both MGC (102) and 
osteoclast formation (103). Consistent with this, lung 
inflammation resulting from elevated adenosine in 
adenosine deaminase-deficient mice is characterized by 
accumulation of MGC (104). Therefore, P2X7-dependent 
ATP release may provide a functional link between P2X7 
and P1 receptors for adenosine which may be important in 
terminating or otherwise, modulating the fusion signals. 
 
6. PUTATIVE ROLE OF PURINERGIC SIGNALING 
IN OSTEOCLAST PHYSIOLOGY AND FUSION 
 

The function of purinergic receptors in bone 
formation is extensively covered by other authors in this  
issue of Frontiers in Bioscience. In this section we will 
focus on some potential, non conventional links, between 
purinergic signaling and osteoclast physiology and fusion. 
In particular we will address the putative function of 
purinergic receptor-activated calcium-NFAT signaling.  

 
Osteoclasts express a wide range of purinergic 

receptors comprising  A1, A2A, A2B, A3 (105) P2X2, 
P2X4, P2X7, P2Y1, P2Y2, P2Y6, P2Y13 (106,107). Upon 
activation, all purinergic receptors cause an increase in 
intracellular calcium either through G protein coupled ER 
release (Adenosine and P2Y receptors) or directly acting as 
calcium channels (P2X receptors). Due to the importance 
of bone as the main body’s calcium reservoir it is easy to 
imagine how calcium signaling plays a central role in 
osteoclast physiology. Indeed, calcium waves both 
depending on ER release and extracellular calcium entry 
are fundamental for osteoclastogenesis. Different proteins 
including IP3R2 on the ER and TRP calcium channels on 
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plasma membrane have been shown to play a role in 
osteoclast calcium waves but none of them has been 
definitively proved to be the only responsible for the 
oscillations (2). In this regard, purinergic receptors could be 
important players in calcium entry and modulation. Among 
P2X receptors, there is clear evidence of  ATP-mediated 
extracellular calcium entry only through P2X7 (108).  
Despite  their expression (109), P2X4 appears to activate a 
current but lacks the calcium permeating ability (110),  
while P2X2 is non functional (106).  

 
When activated by pharmacological ATP 

concentrations (i.e 1-3 mM), P2X7 receptor mediates the 
opening of a big unselective pore that  causes a massive  
and lethal entry of calcium into the cytosol (111) and 
mitochondria (57). At these agonist concentrations an 
activity as cytotoxic receptor has been proved for P2X7 
also in osteoclasts (112), suggesting a role of the receptor 
in terminating the resorption when lacunae calcium is too 
high. Moreover, at physiological extracellular ATP 
concentrations, P2X7 receptor also exerts a trophic activity 
in several cell types (57,58,64,83,113). This growth-
promoting potential has been shown to be dependent  on  
P2X7- mediated calcium increase in different cell 
compartments, comprising cytosol (114), mitochondria (57) 
and ER (58).  P2X7- induced increase of basal levels of 
mitochondrial calcium was also linked to augmented ATP 
production and mitochondrial activity (57) that might be 
relevant in osteoclastogenesis. Indeed, mitochondrial 
respiration and glucose-pyruvate consumption are 
augmented during multinucleated osteoclast formation  
(115) while inhibition of oxidative chain also blocks 
osteoclast differentiation and fusion (116). An effect on 
mitochondrial calcium increase has been recently shown 
also for metabotropic P2Y2 receptors in submandibular 
gland cells (117). In this respect osteoclast P2X7 and P2Y2 
could exert a facilitating function in multikarion formation 
and bone resorption. 

 
Osteoporosis is a frequent secondary effect in 

post-transplant patients treated with immunosuppressants 
inhibiting calcineurin-NFAT axis such as  cyclosporin or 
FK506 (2). Interestingly NFAT signaling pathway is 
activated through calcium influx from P2X7 and several 
other purinergic receptors (118-121). This transcription 
factor  that was originally identified in the context of T cell 
activation, has also been involved in cardiovascular and 
muscular systems differentiation and  in the regulation of 
osteoclastogenesis (122).  Several studies have shown that 
P2 receptors could exert an action on T cell receptor 
signaling (121,123), chemokine expression (124) or cell 
growth (58) through NFAT family members. Here we 
suggest that a similar function could also explain, at least in 
part, the importance of purinergic signaling in bone 
homeostasis. 

 
Among the NFAT protein family members the 

one that is mainly involved in bone formation is complex 1 
(NFATc1), which over-expression has been associated with 
different P2X7 isoforms (58-59). RANK/M-CSF mediated 
NFATc1 pathway seems to be more relevant for osteoclast 
differentiation than NF-kappa B and AP1, which  are not 

sufficient by themselves to drive osteoclastogenesis (125). 
In support of this  hypothesis, NFATc1 is able to induce 
osteoclast fusion even in the absence of RANKL 
stimulation (125). Moreover,  osteoclast conditional 
NFATc1-deficient mice exhibit osteopetrosis (126). Indeed, 
calcineurin-NFATc1 signaling axis has been shown to be 
central in the genesis of osteoclasts  as the application of 
cyclosporine, FK506 and intracellular calcium chelants (i.e. 
BAPTA) all stop the osteoclast maturation (125,127). Once 
activated by calcium,  NFATc1 exerts a  transcriptional 
activity on a series of osteoclastogenesis pivotal genes such 
as TRAP, calcitonin receptor (125), cathepsin  K (125) and 
beta 3 integrin (128). A recent paper by Kim et al. has also 
demonstrated a direct involvement of NFATc1 in 
regulating osteoclast fusion as its overexpression caused an 
increase in multikarion formation and upregulated two 
proteins shown to be central to the fusion process: DC-
STAMP and Atp6v0d2 (129). In this respect, the ability of 
different isoforms of P2X7 receptor to double levels of 
active NFATc1(58-59), could be relevant in the regulation 
of osteoclast physiology and also in MGC formation. The 
decrease of active NFATc1 could also explain why, either 
reduced expression or inhibition, by means of a blocking 
antibody or receptor antagonists, of  macrophage and 
osteoclast P2X7 receptor causes a decrease in multikarion 
formation (27,54,82,111,130). Nonetheless, if in vitro data 
on osteoclasts all seem to converge to a pro-fusion role for 
P2X7 thus suggesting the receptor as a possible 
osteoporotic inducer, the in vivo data are controversial. As 
a matter of fact, different P2X7 KO strains show diverse 
bone phenotypes ranging from increased to decreased bone 
mass (107). Moreover, the incidence of osteoporosis related 
fractures  is augmented in postmenopausal women carrying 
a loss of function polymorphism in the C terminal tail of 
P2X7 (131). These apparently contradicting data could be 
reconciled supposing that P2X7 loss could cause a 
reduction of NFATc1 levels that in turn will decrease 
osteoblast proliferation, as it does in other cell models (58). 
Moreover, in the KO model, compensation either by other 
P2Xs able to induce NFAT activation (121) or by 
alternative splice variants of the same P2X7 (132) should  
be taken into account. In the case of post-menopausal 
patients, if the NFATc1 hypothesis was proved to be true, 
one should also consider the presence of the  C- terminally 
truncated isoform of P2X7 (P2X7B) that would be able to 
activate the NFAT pathway (59). In our hands P2X7B 
isoform is expressed by osteoclasts but lacking in 
osteoblasts (Adinolfi, Falzoni and Jørgensen unpublished 
data).  

 
Other putative activators of the NFATc1 

signaling pathways are P2Y receptors expressed by 
osteoclasts. When activated by their ligands P2Y1, P2Y2 
and P2Y6 all cause an intracellular calcium spike in 
osteoclasts but jointly P2Y6 receptor strongly activates NF-
kappa B pathway (133). Nonetheless, the proliferative 
advantage caused by PY agonist can be only partially 
ascribed to  NF-kappa B, thus suggesting that NFAT- 
mediated cell growth could be contemporary or 
alternatively activated. Indeed, there is evidence for the 
ability of all three osteoclast P2Ys to be able to activate 
NFAT in other cell models (134-136). 
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Besides its effects on NFAT, P2Y2 receptor 
could exert a regulatory effect on osteoclastogenesis 
through its plasma membrane association with alpha(v) 
beta 3 integrins (137). These molecules are important in 
mediating the first phases of osteoclast interaction and there 
is evidence for their direct interaction  with P2Y2. 
Membrane bound P2Y2-alpha(v)beta 3 integrin complex is 
able to regulate focal adhesion kinase signaling pathway 
that is also central in osteoclast activation (138). In a 
similar fashion P2X7 could  also affect osteoclastogenesis 
through other proteins that have been shown to be part of 
the membrane complex of the receptor (99). For example 
one of the P2X7 interacting proteins is integrin beta 2 that 
as well as being calcium-regulated is also part of a family 
of proteins linked to fusion of both MGCs and osteoclasts. 
Moreover, inhibition of Hsp90, that is part of the P2X7 
membrane complex, has been shown to upregulate receptor 
expression and activity (139). This could be interesting in 
terms of osteoclastogenesis as Hsp90 inhibitors have been 
proposed as antitumoral drugs but show as side effects 
potentiation of bone metastasis (140-141). We suggest that 
this could be due to P2X7 overexpression causing neoplasic 
osteoclast proliferation. 

 
We strongly believe that an in depth investigation 

in purinergic driven calcium-NFAT signaling would prove 
useful to elucidate the important role of extracellular 
purines receptors in bone patho-physiology and in 
granuloma formation. 
 
7.  ACKNOWLEDGEMENTS 

 
This work was supported in part by the Canadian 

Institutes of Health Research (CIHR) and the Natural 
Sciences and Engineering Research Council of Canada 
(NSERC) grants  to I.L.. E.A. is part of the ATPBone 
consortium and her work has been funded by the European 
Commission under the 7th Framework Programme 
(proposal #202231) “Fighting osteoporosis by blocking 
nucleotides: purinergic signalling in bone formation and 
homeostasis”. We would like to thank Drs Anna Lisa 
Giuliani and Paola Chiozzi for critical reading of the paper 
and Denyse Blais for her diligent help in preparing the 
manuscript. 
 
8.  REFERENCES 
 
1. Z Bar-Shavit: The osteoclast: a multinucleated, 
hematopietic-origin bone-resorbing osteoimmune cell. J 
Cell Biochem 102, 1130-1139 (2007) 
 
2. T Negishi-Koga, H Takayanagi: Ca2+-NFATc1 
signalling is an essential axis of osteoclast differentiation. 
Immunol Rev 231, 241-256 (2009) 
 
3. T Wada, T Nakashima, N Hiroshi, JM Penninger:  
RANKL-RANK signalling in osteoclastogenesis and bone 
disease. Trends Mol Med 12, 17-25 (2006) 
 
4. E Rubin, F Gorstein, R Rubin, R Schwarting, D Strayer: 
Rubin’s Pathology: Clinicopathologic Foundations of 

Medicine, 4th edition. Lippincott Williams & Wilkins USA 
(2005) 
 
5. M Yagi, T Miyamoto, Y Toyama, T Suda. Role of DC-
STAMP in cellular fusion of osteoclasts and macrophage 
giant cells. J Bone Miner Metab 24, 355-358 (2006) 
 
6. S Gordon,  PR Taylor: Monocyte and macrophage 
heterogeneity. Nat Rev Immunol 5, 953-964 (2005) 
 
7. CD Mills, K Kincaid, JM Alt, MJ Heilman, AM Hill: M-
1/M-2 macrophages and the Th1/Th2 paradigm. J Immunol 
164, 6166-6173 (2000) 
 
8. NA Siciliano, JA Skinner, MH Yuk: Bordetella 
bronchiseptica modulates macrophage phenotype leading to 
the inhibition of CD4+ T cell proliferation and the initiation of 
a Th17 immune response. J Immunol 177, 7131-7138 (2006) 
 
9. ND Savage, T de Boer, KV Walburg, SA Joosten, K van 
Meijgaarden, A Geluk, TH Ottenhoff: Human anti-
inflammatory macrophages induce Foxp3+ GITR+ CD25+ 
regulatory T cells, which suppress via membrane-bound 
TGFbeta-1. J Immunol 181, 2220-2226 (2008) 
 
10. A Vignery: Macrophage fusion: the making of osteoclasts 
and giant cells. J Exp Med 202, 337-340 (2005) 
 
11. RS Cotran, V Kumar, SL Robbins: Pathologic Basis of 
Diseases, Philadelphia, PA: Saunders, 51-92 (1994) 
 
12. RI Enelow, GW Sullivan, HT Carper, GL Mandell: 
Induction of multinucleated giant cell formation from in vitro 
culture of human monocytes with interleukin-3 and interferon-
gamma: comparison with other stimulating factors. Am J 
Respir Cell Mol Biol 6, 57-62 (1992) 
 
13. AK McNally, JM Anderson: Interleukin-4 induces foreign 
body giant cells from human monocytes/macrophages.  
Differential lymphokine regulation of macrophage fusion leads 
to morphological variants of multinucleated giant cells. J 
Pathol 147, 1487-1499 (1995) 
 
14. HJ van der Rhee, W Hillebrands, WT Daems: Are 
Langhans giant cells precursors of foreign-body giant cells? 
Arch Dermatol Res 263, 13-21 (1978) 
 
15. DO Adams: The granulomatous inflammatory response. 
Am J Pathol 84, 164-191 (1976) 
 
16. MT Quinn, IA Sheptekin: Role of NADPH oxidase in 
formation and function of multinucleated giant cells. J 
Innate Immunol 6, 509-526 (2009) 
 
17. T Langhans: Ueber Riesenzellen mit wandstandigen 
Kernen in Tuberkeln und die fibrose Forn des Tuberkels. 
Virchows Arch Pathol Anat 42, 383-404 (1868) 
 
18. KA McDonough, Y Cress, BR Bloom: Pathogenesis of 
tuberculosis: interaction of Mycobacterium tuberculosis 
with macrophages. Infect Immun 61, 2763-2773 (1993) 
 



P2X7 receptor in macrophage fusion 

50 

19. OD Co, HL Hogan, S Kim, M Sandor: Mycobacterial 
granulomas: keys to a long-lasting host-pathogen 
relationship. Clinical Immunol 113, 130-136 (2004) 
 
20. J Pieters: Mycobacterium tuberculosis and the 
macrophage: maintaining a balance. Cell Host and Microbe 
3, 399-407 (2008) 
 
21. JL Flynn, J Chan: Immune evasion by Mycobacterium 
tuberculosis: living with the enemy. Curr Opin Immunol 
15, 450-455 (2003) 
 
22. J Chan, JL Flynn: The immunological aspects of 
latency in tuberculosis. Clin Immunol 110, 2-12 (2004) 
 
23. G Lay, Y Poquet, P Salek-Peyron, MP Puissegur, C 
Botanch, H Bon, F Levillain, JL Duteyrat, JF Emile, F 
Altare: Langhans giant cells from M tubercolosis. Induced 
granulomas cannot mediate mycobacterial uptake. J Pathos 
211, 76-85 (2007) 
 
24. TA Wynn: Fibrotic disease and the TH1/TH2 paradigm. 
Nat Rev Immunol 4, 583-594 (2004) 
 
25. CM Li, SJ Campbell, DS Kumararatne, R Bellamy, C 
Ruwende, KP McAdam, AV Hill, DA Lammas: 
Association of a polymorphism in the P2X7 gene with 
tuberculosis in a Gambian population. J Infect Dis 186, 
1458-1462 (2002) 
 
26. SL Fernando, BM Saunders, R Sluyter, KK Skarratt, JS 
Wiley, WJ Britton: Gene dosage determines the negative 
effects of polymorphic alleles of the P2X7 receptor on 
adenosine triphosphate-mediated killing of mycobacteria 
by human macrophages. J Infect Dis 192, 149-155 (2005) 
 
27. P Chiozzi, JM Sanz, D Ferrari, S Falzoni, A Aleotti, 
GN Buell, G Collo, F Di Virgilio: Spontaneous cell fusion 
in macrophages cultures expressing high levels of the 
P2Z/P2X7 receptor. J Cell Biol 138, 697-706 (1997) 
 
28. S Anderson, VL Shires, RA Wilson, AP Mountford: In 
the absence of IL-12, the induction of Th1-mediated 
protective immunity by the attenuated schistosome vaccine 
is impaired, revealing an alternative pathway with Th2-type 
characteristics. Eur J Immunol 28, 2827-2838 (1998) 
 
29. S Anderson, VL Shires, RA Wilson, AP Mountford: 
Formation of multinucleated giant cells in the mouse lung 
is promoted in the absence of interleukin-12. Am J Respir 
Cell Mol Biol 20, 371-378 (1999) 
 
30. ML Burke, MK Jones, GN Gobert, YS Li, MK Ellis, 
DP McManus: Immunopathogenesis of human 
schistosomiasis. Parasite Immunol 31, 163-176 (2009) 
 
31. CE da Costa, NE Annels, CM Faaij, RG Forsyth, PC 
Hogendoorn, RM Egeler: Presence of osteoclast-like 
multinucleated giant cells in the bone and nonostotic 
lesions of Langerhans cells histiocytosis. J Exp Med 201, 
687-693 (2005) 
 

32. F Coury, N Annels, A Rivollier, S Olsson, A Santoro, C 
Speziani, O Azocar, M Flacher, S Djebali, J Tebib, M 
Brytting, RM Egeler, C Rabourdin-Combe, JI Henter, M 
Arico, C Delprat: Langerhans cell histiocytosis reveals a 
new IL-17A-dependent pathway of dendritic cell fusion. 
Nat Med 14, 81-87 (2008) 
 
33. S Helming, S Gordon: The molecular basis of 
macrophage fusion. Immunobiology 212, 785-793 (2008) 
 
34. NE Roche, JW Fulbright, AD Wagner, GG Hunder, JJ 
Goronzy, CM Weyand: Correlation of interleukin-6 
production and disease activity in polymyalgia rheumatica 
and giant cell arteritis. Arthritis Rheum 36, 1286-1294 
(1993) 
 
35. W Rahman, FZ Rahman: Giant cell (temporal) arteritis: 
an overview and update. Surv Ophthalmol 50, 415-428 
(2005) 
 
36. E Nordborg, C Nordborg: Giant cell arteritis: 
epidemiological clues to its pathogenesis and an update on 
its treatment. Rheumatology (Oxford) 42, 413-421 (2003) 
 
37. H Nunes, P Soler, D Valeyre: Pulmonary sarcoidosis. 
Allergy 60, 565-582 (2005) 
 
38. D Gupta, R Agarwal, AN Aggarwal, SK Jindal: 
Molecular evidence for the role of mycobacteria in 
sarcoidosis: a meta analysis. Eur Respir J  30, 508-516 
(2007) 
 
39. DR Moller: Cells and cytokines involved in the 
pathogenesis of sarcoidosis. Sarcoidosis Vasc Diffuse Lung 
Dis 16, 24-31 (1999) 
 
40. A Bergeron, M Bonay, M Kambouchner, D Lecossier, 
M Riquet, P Soler, A Hance, A Tazi: Cytokine patterns in 
tuberculous and sarcoid granulomas: correlations with 
histopathologic features of the granulomatous response. J 
Immunol 159, 3034-3043 (1997) 
 
41. H Okamoto, K Mizuno, T Horio: Monocyte-derived 
multinucleated giant cells and sarcoidosis. J Dermatol Sci 
31, 119-128 (2003) 
 
42.   K Mizuno, H Okamoto, T Horio: Inhibitory influences 
of xanthine inhibitor and angiotensin I-converting enzyme 
inhibitor on multinucleated giant cell formation from 
monocytes by downregulation of adhesion molecules and 
purinergic receptors. Br J Dermatol 150, 205-210 (2004) 
 
43. K Mizuno, H Okamoto, T Horio: Heightened ability of 
monocytes from sarcoidosis patients to form multi-
nucleated giant cells in vitro by supernatants of 
concanavalin A-stimulated mononuclear cells. Clin Exp 
Immunol 126, 151-156 (2001) 
 
44. WG Brodbeck, JM Anderson: Giant cell formation and 
function. Curr Opin Hematol 16, 53-57 (2009) 
 



P2X7 receptor in macrophage fusion 

51 

45. T Takemura, WN Rom, VJ Ferrans, RG Crystal: 
Morphologic characterization of alveolar macrophages 
from subjects with occupational exposure to inorganic 
particles. Am Rev Respir Dis 140, 1674-1685 (1989) 
 
46. I Lemaire: Selective differences in macrophage 
populations and monokine production in resolving pulmonary 
granuloma and fibrosis. Am J Pathol 138, 487-495 (1991) 
 
47. I Lemaire, PG Dionne, D Nadeau, J Dunnigan: Rat lung 
reactivity to natural and man-made fibrous silicates following 
short-term exposure. Environ Res 48, 193-210 (1989) 
 
48. I Lemaire: Silica- and asbestos-induced pulmonary 
fifbosis. In: Lung biology in health and disease, Vol 80 
Pulmonary fibrosis. Eds: Phan s.H., Thrall R.S., Marcel 
Dekker, New York (1995)  
 
49. L Helming, S Gordon: Molecular mediators of macrophage 
fusion. Trends Cell Biol 19, 514-522 (2009) 
 
50. S Falzoni, M Munerati, D Ferrari, S Spisani, S Moretti, F 
Di Virgilio: The purinergic P2Z receptor of human 
macrophage cells.  Characterization and possible physiological 
role. J Clin Invest 95, 1207-1216 (1995) 
 
51. AN Shermon, R Sluyter, SL Fernando, AL Clarke, LP 
Dao-Ung, KK Skarralt, BM Saunders, KS Tan, BJ Gu, SJ 
Fuller, WJ Britton, S Petrou, JS Wiley: A Thr 357 to Ser 
polymorphism in homozygous and compound heterozygous 
subjects causes absent or reduced P2X7 function and impairs 
ATP-induced mycobacterial killing by macrophages. J Biol 
Chem 281, 2079-2086 (2006) 
 
52. DT Luttikhuizen, MC Harmsen, LF de Leij, MJ van Luyn: 
Expression of P2 receptors at sites of chronic inflammation. 
Cell Tissue Res 317, 289-298 (2004) 
 
53. I Lemaire, N Leduc: Characterization of purinergic P2X7 
receptor function in lung alveolar macrophages: bidirectional 
regulation by Th1/Th2 cytokines. Drug Dev Res 59, 118-127 
(2003)                         
 
54. I Lemaire, S Falzoni, N Leduc, B Zhang, P Pellegatti, E 
Adinolfi, P Chiozzi, F Di Virgilio: Involvement of the 
Purinergic P2X7 Receptor in the Formation of Multinucleated 
Giant Cells. J Immunol 177, 7257-7265 (2006) 
 
55. A Gartland, KA Buckley, RA Hipskind, MJ Perry, JH 
Tobias, G Buell, I Chessell, WB Bowler, JA Gallagher: 
Multinucleated osteoclast formation in vivo and in vitro by 
P2X7 receptor-deficient mice. Crit Rev Eukaryot Gene Expr 
13, 243-253 (2003) 
 
56. TH Steinberg, JF Hiken: P2 receptors in macrophage 
fusion and osteoclast formation. Purinergic Signal 3, 53-57 
(2007) 
 
57. E Adinolfi, MG Callegari, D Ferrari, C Bolognesi, M 
Minelli, MR Wieckowski, P Pinton, R Rizzuto, F Di 
Virgilio: Basal activation of the P2X7 ATP receptor 
elevates mitochondrial calcium and potential, increases 

cellular ATP levels, and promotes serum-independent 
growth. Mol Biol Cell 16, 3260-3272 (2005) 
 
58. E Adinolfi, MG Callegari, M Cirillo, P Pinton, C 
Giorgi, D Cavagna, R Rizzuto, F Di Virgilio: Expression of 
the P2X7 receptor increases the Ca2+ content of the 
endoplasmic reticulum, activates NFATc1, and protects from 
apoptosis. J Biol Chem 284, 10120-10128 (2009)  
 
59. E Adinolfi, M Cirillo, R Woltersdorf, S Falzoni, P Chiozzi, 
P Pellegatti, MG Callegari, D Sandona, F Markwardt, G 
Schmalzing, F Di Virgilio: Trophic activity of a naturally 
occurring truncated isoform of the P2X7 receptor. FASEB J 24, 
3393-3404 (2010) 
 
60. P Pellegatti, S Falzoni, P Pinton, R Rizzuto, F Di Virgilio: 
A novel recombinant plasma membrane-targeted luciferase 
reveals a new pathway for ATP secretion. Mol Biol Cell 16, 
3659-3665 (2005) 
 
61. A Piccini, S Carta, S Tassi, D Lasiglié, G Fossati, A 
Rubartelli: ATP is released by monocytes stimulated with 
pathogen-sensing receptor ligands and induces IL-1beta and 
IL-18 secretion in an autocrine way. Proc Natl Acad Sci USA 
105, 8067-8072 (2008) 
 
62. U Schenk, AM Westendorf, E Radaelli, A Casati, M Ferro, 
M Fumagalli, C Verderio, J Buer, E Scanziani, F Grassi: 
Purinergic control of T cell activation by ATP released through 
pannexin-1 hemichannels. Sci Signal 1, ra6 (2008) 
 
63. S Falzoni, P Chiozzi, D Ferrari, G Buell, F Di Virgilio: 
P2X(7) receptor and polykarion formation. Mol Biol Cell 
11, 3169-3176 (2000) 
 
64. OR Baricordi, D Ferrari, L Melchiorri, P Chiozzi, S 
Hanau, E Chiari, M Rubini, F Di Virgilio: An ATP-
activated channel is involved in mitogenic stimulation of 
human T  lymphocytes. Blood 87, 682–690 (1996) 
 
65. MC Hyman, D Petrovic-Djergovic, SH Visovatti, H Liao, 
S Yanamadala, D Bouïs, EJ Su, DA Lawrence, MJ Broekman, 
AJ Marcus, DJ Pinsky: Self-regulation of inflammatory cell 
trafficking in mice by the leukocyte surface apyrase CD39. J 
Clin Invest 119, 1136-1149 (2009) 
 
66. G Beldi, Y Wu, Y Banz, M Nowak, L Miller, K Enjyoji, A 
Haschemi, GG Yugutkin, D Candinas, M Exley, SC Robson: 
Natural killer T cell dysfunction in CD39-null mice protects 
against concanavalin A-induced hepatitis. Hepatology 48, 
841-852 (2008) 
 
67. AB Mackenzie, MT Young, E Adinolfi, A 
Surprenant: Pseudoapoptosis induced by brief activation 
of ATP-gated P2X7 receptors. J Biol Chem 280, 33968-
33976 (2005) 
 
68. S Alloisio, R Aiello, S Ferroni, M Nobile: Potentiation 
of native and recombinant P2X7-mediated calcium 
signaling by arachidonic acid in cultured cortical astrocytes 
and human embryonic kidney 293 cells. Mol Pharmacol 
69, 1975-1983 (2006) 



P2X7 receptor in macrophage fusion 

52 

69. T Takenouchi, M Sato,  and H Kitani: 
Lysophosphatidylcholine potentiates Ca2+ influx, pore 
formation and p44/42 MAP kinase phosphorylation 
mediated by P2X7 receptor activation in mouse 
microglial cells. J Neurochem 102, 1518-1532 (2007) 
 
70. AD Michel, E Fonfria: Agonist potency at P2X7 
receptors is modulated by structurally diverse lipids. Br J 
Pharmacol 152, 523-537 (2007) 
 
71. A MacKenzie, HL Wilson, E Kiss-Toth, SK Dower, 
RA North: Rapid secretion of interleukin-1 B by 
microvesicle shedding. Immunity 8, 825-835 (2001) 
 
72. D Ferrari, C Pizzirani, S Gulinelli, MG Callegari, P 
Chiozzi, M Idzko, E Panther, F Di Virgilio: Modulation 
of P2X7 receptor functions by polymyxin B: crucial role 
of the hydrophobic tail of the antibiotic molecule. Br J 
Pharmacol 150, 445-454 (2007) 
 
73. D Ferrari, C Pizzirani, E Adinolfi, S Forchap, B Sitta, 
L Turchet, S Falzoni, M Minelli, R Baricordi, F Di 
Virgilio: The Antibiotic Polymyxin B Modulates P2X7 
Receptor Function. J Immunol 173, 4652-4660 (2004) 
 
74. L Tomasinsig, C Pizzirani, B Skerlavaj, P Pellegatti, 
S Gulinelli, A Tossi, F Di Virgilio, M Zanetti: The 
human cathelicidin LL-37 modulates the activities of the 
P2X7 receptor in a structure-dependent manner. J Biol 
Chem 283, 30471-30481 (2008) 
 
75. I Lemaire, H Yang, W Lauzon, N Gendron: M-CSF 
and GM-CSF promote alveolar macrophage 
differentiation into multinucleated giant cells with 
distinct phenotypes. J Leukoc Biol 60, 509-518 (1996) 
 
76. I Lemaire, H Yang, V Lafond, J Dornand, T 
Commes, MF Cantin: Differential effects of macrophage- 
and granulocyte-macrophage colony stimulating factors 
on cytokine gene expression during rat alveolar 
macrophage differentiation into multinucleated giant 
cells (MGC). J Immunol 157, 5118-5125 (1996) 
 
77. C Mantel, Z Luo, HE Broxmeyer: Synergistic 
induction of phospholipid metabolism by granulocyte-
macrophage colony stimulating factor and steel factor in 
human growth factor-dependent cell line, M07e. Lipids 30, 
641-647 (1995) 
 
78. S Hong, N Schwarz, A Brass, M Seman, F Haag, F Koch-
Nolte, WP Schilling, GR Dubyak: Differential regulation of 
P2X7 receptor activation by extracellular nicotinamide adenine 
dinucleotide and ecto-ADP-ribosyltransferases in murine 
macrophages and T cells. J Immunol 183, 578-592 (2009) 
 
79. JO Jackson, R Longnecker: Re-evaluating Herpes Simplex 
Virus Hemifusion. J Virol [Epub ahead of print] (2010) 
 
80. B Harmon, N Campbell, L Ratner: Role of Abl kinase 
and the Wave2 signalling complex in HIV-1 entry at a post-
hemifusion step. PLoS Pathog 6, e1000956 (2010) 

81.    K Rochlin, S Yu, S Roy, MK Baylies: Myoblast 
fusion: When it takes more to make one. Dev. Biol 341, 66–
83 (2010) 
 
82. JF Hiken, TH Steinberg: ATP downregulates P2X7 and 
inhibits osteoclast formation in RAW cells. Am J Physiol 
Cell Physiol 287, C403-C412 (2004) 
 
83. M Monif, CA Reid, KL Powell, ML Smart, DA 
Williams: The P2X7 receptor drives microglial activation 
and proliferation: a trophic role for P2X7R pore. J Neurosci 
29, 3781-3791 (2009) 
 
84.  A Sapir, J Choi, E Leikina, O Avinoam, C Valansi, LV 
Chernomordik, AP Newman, B Podbilewicz:  AFF-1, a 
FOS-1-regulated fusogen, mediates fusion of the anchor 
cell in  C. elegans. Dev Cell 12, 683–698 (2007) 
 
85.   JI Elliott, A Surprenant, Marelli- FM Berg, JC Cooper, 
RL Cassady-Cain, C Wooding, K Linton, DR Alexander, 
CF Higgins:  Membrane phospatidylserine distribution as a 
non-apoptotic signalling mechanism in lymphocytes.  Nat 
Cell Biol 7, 808-816 (2005) 
 
86.  Y Qu, GR Dubyak: P2X7 receptors regulate multiple 
types of membrane trafficking responses and non-classical 
secretion pathways. Purinergic Signal 5, 163-173 (2007) 
 
87. M Das, B Xu, L Lin, S Chakrabarti, V Shivaswamy, NS 
Rote: Phosphatidylserine efflux and intercellular fusion in a 
BeWo model human villous cytotrophoblast. Placenta 25, 
396-407 (2004) 
 
88. RB Driesen, GD Dispersyn, FK Verheyen, SM van den 
Eijnde, L Hofstra, F Thoné, P Dijkstra, W Debie, M 
Borgers, FC Ramaekers: Partial cell fusion: a newly 
recognized type of 
communication between dedifferentiating cardiomyocytes 
and fibroblasts. Cardiovasc Res 68, 37-46 (2005) 
 
89. SM Van den Eijnde, MJB van den Hoff, CPM 
Reutelingsperger, WL van Heerde, MER Henfling, C 
Vermeij-Keers, B Schutte, M Borgers, FCS Ramaekers: 
Transient expression of phosphatidylserine at cell-cell 
contact areas is required for myotube formation. J Cell Sci 
114, 3631-3642 (2001) 
 
90. L Helming, J Winter, S Gordon: The scavenger receptor 
CD36 plays a role in cytokine-induced macrophage fusion. 
J Cell Sci 122, 453-459 (2009) 
 
91. P Pelegrin, A Surprenant: Pannexin-1 mediates large 
pore formation and interleukin-1B release by the ATP-
gated P2X7 receptor. EMBO J 25, 5071-5082 (2006) 
 
92. S Locovei, E Scemes, F Qiu, DC Spray, G Dahl: 
Pannexin 1 is part of the pore forming unit of the P2X7 
receptor death complex. FEBS Letters 581, 463-488 (2007) 
 
93.  GR Dubyak: Both sides now: multiple interactions of 
ATP with pannexin-1 hemichannels.  Focus on “A 
permeant regulating its permeation pore: inhibition of 



P2X7 receptor in macrophage fusion 

53 

pannexin 1 channels by ATP”. Am J Physiol Cell Physiol 
296, C235-C241 (2009) 
 
94.   F Qiu, G Dahl: A permeant regulating its permeation 
pore: inhibition of pannexin 1 channels by ATP.  Am J 
Physiol Cell Physiol 296, C250-C255 (2009) 
 
95.   S Penuela, R Bhalla, XQ Gong, KN Cowan, SJ 
Celetti, BJ Cowan, D Bai, Q Shao, DW Laird: 
Pannexin 1 and pannexin 3 are glycoproteins that exhibit 
many distinct characteristics from the connexin family of 
gap junction proteins. J Cell Sci 120, 3772-3783 (2007) 
 
96. FSA Fortes, IL Pecora, PM Persechini, S Hurtado, V 
Costa, R Coutinho-Silva, MB Braga, FC Silva-Filho, RC 
Bisaggio, FP De Farias, E Scemes, AC De Carvalho, RC 
Goldenberg: Modulation of intercellular communication in 
macrophages: possible interactions between GAP junctions 
and P2 receptors. J Cell Sci 117, 4717-4726 (2004) 
 
97. JL Frendo, L Cronier, G Bertin, J Guibourdenche, M 
Vidaud, D Evain-Brion, A Malassiné : Involvement of 
connexin 43 in human trophoblast cell fusion and 
differentiation. J Cell Sci 116, 3413-3421 (2003) 
 
98. K Herde, S Hartmann, R Brehm, O Kilian, C Heiss, A 
Hild, V Alt, M Bergmann, R Schnettler, S Wenisch: 
Connexin 43 expression of foreign body giant cells after 
implantation of nanoparticulate hydroxyapatite. Biomat 28, 
4912-4921 (2007) 
 
99. M Kim, LH Jiang, HL Wilson, RA North, A 
Surprenant: Proteomic and functional evidence for a P2X7 
receptor signaling complex. EMBO J 20, 6347-6358 (2001) 
 
100. MP Kuehnel, M Reiss, PK Anand, I Treede, D Holzer, 
E Hoffmann, M Klapperstueck, TH Steinberg, F 
Markwardt, G Griffiths: Sphingosine-1-phosphate receptors 
stimulate macrophage plasma-membrane actin assembly 
via ADP release, ATP synthesis and P2X7R activation. J 
Cell Sci 122, 505-512 (2009) 
 
101. BJ Gu, C Rathsam, L Stokes, AB McGeachie, JS 
Wiley: Extracellular ATP dissociates nonmuscle myosin 
from P2X(7) complex: this dissociation regulates P2X(7) 
pore formation. Am J Physiol Cell Physiol 297, C430-C439 
(2009)  
 
102. JT Merrill, C Shen, D Schreibman, D Coffey, O 
Zakharendo, R Fisher, RG Lahita, J Salmon, BN Cronstein: 
Adenosine A1 receptor promotion of multinucleated giant 
cell formation by human monocytes: a mechanism for 
methotrexate-induced nodulosis in rheumatoid arthritis. 
Arthritis Rheum 40, 1308-1315 (1997) 
 
103. FM Kara, V Chitu, J Sloane, M Axelrod, BB 
Fredholm, ER Stanley, BN Cronstein: Adenosine A1 
receptor (A1Rs) play a critical role in osteoclast formation 
and function. FASEB J 24, 2325-2333 (2010) 
 
104. SK Banerjee, HWJ Young, JB Volmer, MR 
Blackburn: Gene expression profiling in inflammatory 

airway disease associated with elevated adenosine. Am J 
Physiol Lung Cell Mol Physiol 282, L169-L182 (2002). 
 
105. W He and B Cronstein. The roles of adenosine and 
adenosine receptors in bone remodeling. Front Biosc. This 
issue. 
 
106. JP Reyes , SM Sims, SJ Dixon: P2 receptor expression, 
signaling and function in osteoclasts. Front Biosc. This issue. 
 
107. I Orriss, S Syberg, N Wang, B Robaye, A Gartland, N 
Jorgensen, T Arnett, JM Boeynaems. Bone phenotypes 
displayed by P2 receptor knockout mice. Front Biosc. This 
issue. 
 
108. LN Naemsch, SJ Dixon, SM Sims: Activity-dependent 
development of P2X7 current and Ca2+ entry in rabbit 
osteoclasts. J Biol Chem 276, 39107-39114 (2001) 
 
109. A Hoebertz, A Townsend-Nicholson, R Glass, G 
Burnstock, TR Arnett: Expression of P2 receptors in bone and 
cultured bone cells. Bone 27, 503-510 (2000). 
 
110. AF Weidema, SJ Dixon, SM Sims: Activation of P2Y but 
not P2X(4) nucleotide receptors causes elevation of [Ca2+]i in 
mammalian osteoclasts. Am J Physiol Cell Physiol 280, 
C1531-C1539 (2001) 
 
111. A Surprenant, F Rassendren, E Kawashima, RA North, G 
Buell: The cytolytic P2Z receptor for extracellular ATP 
identified as a P2X receptor (P2X7). Science 272, 735-738 
(1996) 
 
112. A Gartland, KA Buckley, WB Bowler, JA Gallagher: 
Blockade of the pore-forming P2X7 receptor inhibits formation 
of multinucleated human osteoclasts in vitro. Calcif 
Tissue Int 73, 361-369 (2003) 
 
113. F Bianco, S Ceruti, A Colombo, M Fumagalli, D 
Ferrari, C Pizzirani, M Matteoli, F Di Virgilio, MP 
Abbracchio, C Verderio: A role for P2X7 receptor in 
microglial proliferation. J Neurochem 99, 745-758 
(2006) 
 
114. E Adinolfi, L Melchiorri, S Falzoni, P Chiozzi, A 
Morelli, A Tieghi, A Cuneo, G Castoldi, F Di Virgilio, 
OR Baricordi: P2X7 receptor expression in evolutive and 
indolent forms of chronic B lymphocytic leukemia. 
Blood 99, 706-708 (2002) 
 
115. J Kim, J Daewon, HK Kang, SY Jung, SS Kang, 
BM Min: Osteoclast precursors display dynamic 
metabolic shifts toward accelerated glucose metabolism 
at an early stage of RANKL-stimulated osteoclast 
differentiation. Cell Physiol Biochem 20, 935-946 (2007) 
 
116. HB Kwak, BK Lee, J Oh, JT Yeon, SW Choi, HJ 
Cho, MS Lee, JJ Kim, JM Bae, SH Kim, HS Kim: 
Inhibition of osteoclast differentiation and bone 
resorption by rotenone, through down-regulation of 
RANL-induced c-fos and NFATc1 expression. Bone 46, 
724-731 (2010) 



P2X7 receptor in macrophage fusion 

54 

117. SY Ryu, PM Peixoto, JH Won, DI Yule, KW 
Kinnally: Extracellular ATP and P2Y2 receptors mediate 
intercellular Ca(2+) waves induced by mechanical 
stimulation in submandibulr gland cells: role of 
mitochondrial regulation of store operated Ca(2+) entry. 
Cell Calcium 47, 65-76 (2010) 
 
118. D Ferrari, C Stroh, K Schulze-Osthoff: P2X7/P2Z 
purino-receptor–mediated activation of transcription factor 
NFAT in microgliar cells. J Biol Chem 274, 13205-13210 
(1999) 
 
119. J Nilsson, LM Nilsson, YW Chen, JD Molkentin, D 
Erlinge, MF Gomez: High glucose activates nuclear factor 
of activated T cells in native vascular smooth muscle. 
Arterioscler Thromb Vasc Biol 26, 794-800 (2006) 
 
120. S Ryzhov, AE Goldstein, I Biaggioni, I Feoktistov: 
Cross-talk between G(s)- and G(q)-coupled pathways in 
regulation of interleukin-4 by A(2B) adenosine receptors in 
human mast cells. Mol Pharmacol 70, 727-735 (2006) 
 
121. T Woehrle, L Yio, A Elkhal, Y Sumi, Y Chen, Y Yao, 
PA Insel, WG Junger: Pannexin-1 hemichannel-mediated 
ATP release together with P2X1 and P2X4 receptors 
regulate T cell activation at the immune synapse. Blood 
Prepublished online (2010) 
 
122. Q Zhao, X Wang, Y Liu, A He, R Jia: NFATc1: 
functions in osteoclasts. Int J Biochem Cell Biol 42, 576-
579 (2010) 
 
123. l Yip, T Woehrle, R Corriden, M Hirsh, Y Chen, Y 
Inoue, V Ferrari, PA Insel, WG Junger: Autocrine 
regulation of T-cell activation by ATP release and P2X7 
receptors. FASEB J 23, 1685-1693 (2009) 
 
124. A Kataoka, H Tozaki-Saitho, Y Koga, M Tsuda, K 
Inoue: Activation of P2X7 receptors induces CCL3 
production in microglial cells through transcription factor 
NFAT. J Neurochem 108, 115-125 (2009) 
 
125. H Takayanagi, S Kim, T Koga, H Nishina, M Isshiki, 
H Yoshida, S Saiura, M Isobe, T Yokochi, J Inoue, EF 
Wagner, TW Mak, T Kodama, T Taniguchi, M Matsumoto: 
Induction and activation of the transcription factor NFATc1 
(NFAT2) integrate RANKL signaling in terminal 
differentiation of osteoclasts. Dev Cell 3, 889-901 (2002) 
 
126. AO Aliprantis, Y Ueki, R Sulyanto, A Park, KS 
Sigrist, SM Sharma, MC Ostrowski, BR Olsen, LH 
Glimcher: NFATc1 in mice represses osteoprotegerin 
during osteoclastogenesis and dissociates systemic 
osteopenia from inflammation in cherubism. J Cell Biol 
161, 945-956 (2003) 
 
127. L Sun, Y Peng, N Zaidi, LL Zhu, J Iqbal, K Yamoah, 
X Wang, P Liu, E Abe, BS Moonga, S Epstein, M Zaidi: 
Evidence that calcineurin is required for the genesis of 
bone-resorbing osteoclasts. Am J Physiol Renal Physiol 
292, F285-F291 (2007) 
 

128. TN Crotti, M Flannery, NC Walsh, JD Fleming, SR 
Goldring, KP McHugh: NFATc1 regulation of the human 
beta3 integrin promoter in osteoclast differentiation. Gene 
372, 92-102 (2006) 
 
129. K Kim, SH Lee, J Ha Kim, Y Choi, N Kim: NFATc1 
induces osteoclast fusion via up-regulation of Atp6v0d2 
and the dendritic cell-specific transmembrane protein (DC-
STAMP). Mol Endocrinol. 22, 176-185 (2008) 
 
130. A Agrawal, KA Buckley, K Bowers, M Furber, JA 
Gallagher, A Gartland: The effects of P2X7 receptor 
antagonists on the formation and function of human 
osteoclasts in vitro. Purinergic Signal Epub 2010 21 (2010) 
 
131. SD Ohlendorff, CL Tofteng, J-EB Jensen, S Petersen, 
R Civitelli, M Fenger, B Abrahamsen, AP Hermann, P 
Eiken, NR Jørgensen: Single nucleotide polymorphisms in 
the P2X7 gene are associated to fracture risk and to effect 
estrogen treatment. Pharmacogenet Genom17, 555-67 
(2007) 
 
132. A Nicke, YH Kuan, M Masin, J Rettinger, B 
Marquez-Klaka, O Bender, DC Gorecki, RD Murrell-
Lagnado, F Soto: A functional P2X7 splice variant with an 
alternative transmembrane domain 1 escapes gene 
inactivation in P2X7 knock out mice. J Biol Chem 284, 
25813-25822 (2009) 
 
133. J Korcok, LN Raimundo, X Du, SM Sims, SJ Dixon. 
P2Y6 nucleotide receptors activate NF-kappaB and 
increase survival of osteoclasts. J Biol Chem 280, 16909-
16915 (2005) 
 
134. KL Abbott, JR 2nd Loss, AM Robida, TJ Murphy. 
Evidence that Galpha(q)-coupled receptor-induced 
interleukin-6 mRNA in vascular smooth muscle cells 
involves the nuclear factor of activated T cells. Mol 
Pharmacol 58, 946-953 (2000) 
 
135. KL Abbott, AM Robida, ME Davis, GK Pavlath, JM 
Camden, JT Turner, TJ Murphy: Differential regulation of 
vascular smooth muscle nuclear factor kappa-B by G alpha 
q-coupled and cytokine receptors. J Mol Cell Cardiol 32, 
391-403 (2000) 
 
136. J Nilsson, LM Nilsson, YW Chen, JD Molkentin, D 
Erlinge, MF Gomez: High glucose activates nuclear factor 
of activated T cells in native vascular smooth muscle. 
Arterioscler Thromb Vasc Biol 26, 794-800 (2006) 
 
137. L Erb, J Liu, J Ockerhausen, Q Kong, RC Garrad, K 
Griffin, C Neal, B Krugh, LI Santiago-Perez, FA Gonzales, 
HD Gresham, JT Turner, GA Weisman. An RGD sequence 
in the P2Y(2) receptor interacts with alpha(v)beta(3) 
integrins and is required for G(o)-mediated signal 
transduction. J Cell Biol 153, 491-501 (2001) 
 
138. R Saxena, G Pan, JM McDonald: Osteoblast and 
osteoclast differentiation in modeled microgravity. Ann N Y 
Acad Sci 1116, 494-498 (2007) 
 



P2X7 receptor in macrophage fusion 

55 

139. E Adinolfi, M Kim, MT Young, F Di Virgilio, A 
Surprenant: Tyrosine phosphorylation of HSP90 within the 
P2X7 receptor complex negatively regulates P2X7 
receptors. J Biol Chem 278, 37344-37351 (2003) 
 
140. JT Price, JM Quinn, NA Sims, J Vieusseux, K 
Waldeck, SE Docherty, D Myers, A Nakamura, MC 
Waltham, MT Gillespie, EW Thompson: The heat shock 
protein 90 inhibitor, 17-allylamino-17-
demethoxygeldanamycin, enhances osteoclast formation 
and potentiates bone metastasis of a human breast cancer 
cell line. Cancer Res 65, 4929-4938 (2005) 
 
141. A Yano, S Tsutsumi, S Soga, MJ Lee, J Trepel, H 
Osada, L Neckers: Inhibition of Hsp90 activates osteoclast 
c-Src signaling and promotes growth of prostate carcinoma 
cells in bone. Proc Natl Acad Sci USA 105, 15541-15546 
(2008) 
 
Abbreviations: MGC: multinucleated giant cells; NFAT: 
nuclear factor of activated T cells; RANK: receptor 
activator of NF-kappa B; RANKL: RANK ligand; M-CSF: 
macrophage colony-stimulating factor; Treg: regulatory T 
cell; LGC: Langhans giant cells; FBGC: foreing body giant 
cells, APCs: Antigen presenting cells; MMP: matrix 
metalloproteinases; PMB: polymyyxin B; PS: 
Phosphatidylserine; Panx1: Pannexin 1; Cx43: connexin 
43; NFATc1: NFAT complex1. 
 
Key Words: Macrophage, Osteoclast, Fusion, Polykarion, 
P2X7 Receptor, Inflammation, NFAT, Review 
 
Send correspondence to: Irma Lemaire, Department of 
Cellular and Molecular Medicine, Faculty of Medicine, 
University of Ottawa, 451 Smyth Road, Ottawa, ON, K1H 
8M5, Canada. Tel: 613-562-5800 ext 8361, Fax: 613-562-
5349, E-mail:  ilemaire@uottawa.ca 
 
http://www.bioscience.org/current/volE4.htm 
 
 


