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Abstract: The P2X7 receptor, a member of the P2X purinergic receptor family, is a non-selective ion
channel. Over the years, it has been associated with various biological functions, from modulating
to regulating inflammation. However, its emerging role in antigen presentation has captured the
scientific community’s attention. This function is essential for the immune system to identify and
respond to external threats, such as pathogens and tumor cells, through T lymphocytes. New studies
show that the P2X7 receptor is crucial for controlling how antigens are presented and how T cells
are activated. These studies focus on antigen-presenting cells, like dendritic cells and macrophages.
This review examines how the P2X7 receptor interferes with effective antigen presentation and
activates T cells and discusses the fundamental mechanisms that can affect the immune response.
Understanding these P2X7-mediated processes in great detail opens up exciting opportunities to
create new immunological therapies.
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1. Introduction

The immune system is an intricate network of cells, tissues, and molecules that acts as
the body’s primary defense against pathogenic invasions and internal challenges, such as
tumor development. Central to its function is the ability of the immune system to recognize
and respond to specific antigens, a process that requires a coordinated interaction between
various cells and molecules. Antigen-presenting cells (APCs), including dendritic cells
(DCs) and macrophages (Mφ), play a pivotal role in the immune response. These cells
capture antigens, process them, and display antigen fragments on their surfaces. This
presentation occurs in the context of Major Histocompatibility Complex (MHC) molecules.
These antigen-MHC complexes are recognized by T lymphocytes, leading to their activation
and the generation of a specific immune response [1,2].

Within this framework, the P2X7 receptor (P2X7R) has emerged as a critical player in
regulating antigen presentation and T cell activation. Although it was initially identified
for its role in purinergic signaling and the modulation of inflammatory responses [3,4],
recent research has revealed more profound functions of the P2X7 receptor in immunity.
This receptor has been shown to influence the process and effectiveness of APCs, especially
dendritic cells and macrophages [5,6].
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In this review, we aim to explore the most recent and influential research that under-
scores the central role of the P2X7R in antigen presentation and subsequent T-cell activation.
We will delve into the molecular and cellular biology underlying the function of the re-
ceptor, placing particular emphasis on its synergy with APCs. This interaction is crucial
to understanding how the P2X7 receptor can influence immunological, autoimmune, and
oncological diseases. In addition, we will address genetic variations in the receptor, such
as mutations and polymorphisms, and how these can modulate the immune response,
offering a broader perspective on its clinical and therapeutic relevance.

2. An Overview of the Biology and Function of the P2X7 Receptor

The P2X family of purinergic receptors comprises a group of membrane ionotropic
receptors activated in response to extracellular ATP. Seven subtypes of P2X receptors have
been identified, designated P2X1 to P2X7. The P2X7 receptor has attracted significant
interest due to its role in various physiological and pathological functions. At the molecular
level, P2X7R is a homotrimer, a non-selective cation channel activated by extracellular
ATP. Each subunit comprises 595 amino acids, with two transmembrane domains and an
extracellular loop (282 aa) containing the ATP-binding site. The intracellular N-terminal
domain is short (26 aa) and, in contrast to other P2X receptor members, possesses an
extended C-terminal domain (239 aa) [7,8].

One of the most distinctive features of the P2X7 receptor is its ability to form a large
pore in the cell membrane when activated by high concentrations of ATP, allowing the
passage of large molecules. In the context of immunity and inflammation, the P2X7
receptor plays a leading role. Its activation can induce the activation of the inflammasome,
an intracellular protein complex that, once activated, releases proinflammatory cytokines,
such as interleukin-1β (IL-1β) and interleukin-18 (IL-18) [9,10]. In this sense, the P2X7
receptor plays a significant role in several processes, including regulating biological barriers
such as the blood–brain barrier and the blood–retinal barrier, where its activation can affect
the permeability and integrity of these barriers, potentially facilitating the entry of immune
cells and substances proinflammatory to neural tissue [11,12]. The chronic activation
of P2X7R in neurodegenerative diseases contributes to inflammation and cell death by
releasing proinflammatory cytokines, and its influence on the blood–brain barrier makes it
a critical therapeutic target in neurology [13].

Furthermore, the P2X7 receptor is involved in the modulation of inflammatory re-
sponses since its activation can lead to cell apoptosis and the production of reactive oxygen
species [14,15]. The P2X7 receptor, known for its role in APCs, like Mφ and DCs [4,16],
also modulates the activation of B lymphocytes. This modulation is carried out through
intracellular signaling, which triggers the activation and proliferation of B lymphocytes.
The P2X7 receptor facilitates this by influencing intracellular calcium levels and releasing
the growth factors and cytokines necessary for the immune response of B lymphocytes [17].

Pore Formation

Activation of the P2X7 receptor by extracellular ATP triggers a series of intracellular
events that can culminate in the release of pro-inflammatory cytokines. When high concen-
trations of ATP (1–5 mM) and overstimulation occur (≥5 min), the P2X7 receptor forms
a large pore in the plasma membrane, allowing the passage of molecules up to 900 Da,
such as YO-PRO-1 [18,19]. This pore formation is closely related to the carboxy-terminal
cytoplasmic domain of P2X7, which is essential for its formation [20,21]. Any alteration
in this region, whether by deletion or single nucleotide polymorphisms (SNPs) in the
C-terminal-P2X7R, abolishes the ability to activate the macropore [18,22].

The main evidence suggests that pannexin pores play a critical role in the pore-like
activity of P2X7R. For example, pannexin-1 antagonists and anti-pannexin-1 iRNA reduce
pore formation. Although there is a physical interaction between P2X7R and Pannexin-1,
the specific details of this interaction have not yet been fully elucidated [23]. Some studies
suggest that direct phosphorylation at Y308 in Pannexin 1 by Src family kinases could
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produce a conformational change that opens the Pannexin 1 pore [24]. These kinases,
such as calcium/calmodulin-dependent protein kinase II (CaMKII), can be activated by
P2X7R [25]. Still, the role of Pannexin 1 in P2X7R pore formation remains a topic of debate,
because other studies have shown that the membrane pore may be an intrinsic activity of
the P2X7 receptor. Karasawa et al. showed that panda P2X7 (pdP2X7), when purified and
reconstituted in liposomes, can form an inherent dye-permeable pore independent of its
C-terminal domain. Furthermore, they discovered that pore formation is influenced by the
lipid composition of the membrane, particularly phosphatidylglycerol, and sphingomyelin,
and is inhibited by cholesterol. These findings suggest that P2X7R constitutes the pore and
that its opening is influenced by the lipid composition of the membrane [26]. On the other
hand, the formation of the macropore due to P2X7 activation in mouse Pannexin-deficient
macrophages still leads to pore dilation (as measured by YO-PRO-1 influx) [27] It has been
suggested that other agonists, nucleotides such as NAD, activate the P2X7R. However,
whether NAD+ is a true P2X7R agonist or lowers the ATP activation threshold is not
entirely clear [28]. These studies provide new insights into P2X7R function.

3. Non-Canonical P2X7R Functions: Another Perspective
Intracellular Signaling and Phospholipase Activation

The P2X7 receptor has been linked to various non-canonical (unconventional) func-
tions. For example, it has been shown that this receptor can activate multiple intracellular
signaling pathways. One of the first studies was carried out in 1992, where phospholipase D
(PLD) activity in murine BAC1.2F5 macrophages after exposure to ATP and BzATP agonists
was described [29]. Subsequently, research carried out by Wiley et al. and Dubyak revealed
that the receptor could trigger specific signaling pathways, particularly PLD activation.
While Wiley’s study focused on mouse lymphocytes and macrophages [30], Humphreys
and Dubyak’s work was performed on human monocytic THP-1 cells [31]. In addition
to PLD, it has been observed that P2X7R can activate other signaling pathways, such as
phospholipase 2A (PLA2) and phospholipase C (PLC) [32]. Barbieri et al. demonstrated that
ATP and BzATP activate p38 and the MAPK pathway in astrocytes and P2X7R-transfected
HEK293 cells [33]. In parallel, activation of the P2X7 receptor is associated with stimulating
various kinases, such as MAPKs [34–36], which can initiate downstream signaling. Using
the HEK293 cell line, Amstrup and Novak pointed out that P2X7R requires the N-terminal
segment for its intracellular signaling function to activate the ERK pathway [37].

Activation of the P2X7 receptor allows for a high flow of cations, such as calcium
(Ca2+), into the cytoplasm. This increase in intracellular calcium concentrations may
directly activate calcium-sensitive PLA2 in liver cells [38] and enhance PLC activity [39].
Furthermore, it has been proposed that the P2X7 receptor may activate G proteins via
PLC [40]. Although progress has been made in understanding how the P2X7 receptor
regulates these enzymes, the exact mechanisms and specific pathways may vary depending
on the cellular and physiological contexts, underscoring the complexity and versatility of
this receptor in cellular signaling.

A model proposed by Garcia-Marcos et al. suggests that the P2X7 receptor may act as
a nonselective ion channel and lead to pore formation or transduce signals, depending on
its location on the plasma membrane. According to this model, the receptor is distributed
between lipid rafts and non-raft-associated membrane regions. In the latter, P2X7R can
form homotrimers in the presence of ATP and function as an ion channel. However, in lipid
rafts, the receptor remains in its monomeric conformation and does not act as a channel but
instead activates intracellular signaling pathways [41]. Despite advances in understanding
this receptor, there are still unanswered questions about its exact arrangement on the
membrane and how this location and ATP concentration influence the cellular responses
generated (Figure 1).
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Figure 1. P2X7 receptor activation. Activation of the P2X7 receptor can have different consequences
depending on its location (membrane modeling). The P2X7 receptor located in lipid rafts can
maintain its monomeric structure, and its activation triggers signaling via phospholipase 2A (PLA2),
phospholipase C, phospholipase D, and the MAP kinase pathway. Accessed on 13 January 2024,
(https://www.biorender.com/).

In addition to the non-canonical functions described above, the P2X7 receptor is essen-
tial in several cellular processes that change and rearrange membranes [42]. A prominent
example is its role in cell fusion and plasma membrane movement (for example, due
to the activation of phospholipases described above). In vitro experiments have shown
that cells like macrophages and HEK293 cells that have a lot of P2X7R can spontaneously
fuse [43–46]. Furthermore, the inhibition of P2X7R prevents the formation of giant multinu-
cleated osteoclasts [47]. In the J774 murine macrophage model, the P2X7 receptor tends
to localize to sites of cell–cell contact [48]. For both activities, the role of signaling has
been described as important in the mechanisms involved in membrane fusion. In this
sense, neutral sphingomyelinases PLC and PLD, activated by intracellular signaling, can
produce phospholipids that facilitate the conversion of membrane topology for cell–cell
fusion by catalyzing the conversion of sphingomyelin in ceramide, phosphatidylinositol
bisphosphate (PIP2) in diacylglycerol (DAG) and phosphatidylcholine in phosphatidic acid,
respectively, which can curve the membrane (revised in [49]).

The P2X7 receptor is typically known to be activated by ATP binding, but it is also
significant for immunity and cell response even when ATP is not present. One of the least
explored functions of P2X7R is its involvement in phagocytosis. It has been observed that
human monocytes, in the absence of ATP, favor the phagocytosis of non-opsonized particles
and bacteria via P2X7R [50]. The use of P2X7R antagonists suppresses ethidium uptake
but not phagocytosis in human peripheral blood mononuclear cells (PBMCs) in serum-free
conditions [51], suggesting that this activity of P2X7R is independent of membrane pore
formation and ATP activation.

Gu et al. (2011) demonstrated that the P2X7 receptor facilitates phagocytosis of
apoptotic cells by macrophages in the absence of serum, with ATP inhibiting this process,
and highlighted the importance of the receptor’s disulfide bonds in the recognition and
uptake of these cells [52]. This reinforces the idea that P2X7R, in its non-activated state,
acts as a scavenger receptor. Since serum can stop P2X7R-mediated phagocytosis, it
does not play a major role in tissues where plasma proteins are high in concentration.
However, intense phagocytosis by monocytes and macrophages has been reported in
human cerebrospinal fluid with very few serum glycoproteins [50]. It is important to note

https://www.biorender.com/
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that there may be a link between P2X7R’s ability to promote phagocytosis and its connection
with the cytoskeleton since ATP binding to the receptor separates it from β-actin [53,54]
(Figure 2).
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Figure 2. Non-canonical P2X7R functions. High expression of P2X7R on macrophage like cells
promotes spontaneous cell fusion. In monocytes and macrophages, high expression of P2X7 increased
the phagocytosis of non-opsonized particles. Accessed on 25 November 2023, https://www.biorender.
com/.

The discovery of unconventional functions of the P2X7R receptor, such as its role in cell
fusion and membrane reorganization, could reveal crucial aspects of antigen presentation
in the immune system. The ability of P2X7R to influence cellular dynamics can improve
the efficiency with which antigen-presenting cells, such as macrophages and dendritic cells,
acquire and present antigens to T cells.

4. P2X7 in Antigenic Presentation and T-Cell Activation by Dendritic Cells, an
Undervalued Implication

Antigen presentation is a crucial process in the immune system that allows for the
detection and adequate response to pathogens. Specialized cells like DCs and Mφ capture
and process antigens before presenting them to T cells. This antigen presentation is carried
out by MHC molecules, which expose fragments of antigens on the cell surface to be
recognized by T cell receptors. Specific recognition of antigens allows T cells to activate
and trigger an immune response directly or by activating other immune cells. This means
that antigen presentation is an essential way for the body to protect itself from many types
of threats, including bacterial and viral infections, and even tumor cells [55,56]. For the
full activation of T cells, costimulatory molecules, such as CD80 and CD86, interact with
receptors on T cells, such as CD28, providing the “second signal” necessary for optimal
activation. T cells may become anergic in the absence of this costimulation, resulting in
tolerance or lack of response to the antigen, even if the antigen is adequately presented [57].
Researchers have used this process to create immunotherapeutic strategies and vaccines
against specific diseases [58,59].

https://www.biorender.com/
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Recent evidence suggests the role of P2X7 during antigen presentation. In this line,
Di Virgilio’s group was the first to study how the P2X7 receptor is expressed in DCs.
They found that follicular dendritic cells and Langerhans cells expressed high levels of
this receptor. Interestingly, they also found an indirect link between P2X7R and antigen
presentation for the first time by demonstrating that T cell activation decreased when the
irreversible antagonist oxidized ATP (oATP) was used to block P2X7R in DCs. Intriguingly,
P2X7R has been shown to modulate the expression of costimulatory molecules ex vivo [60].
In a study by Sala et al. in 2001, it was shown that chronic stimulation with low and
non-cytotoxic doses of ATP (250 µM) enhances the expression of CD54, CD80, CD86, and
CD83 in DCs derived from peripheral blood monocytes, also expanding their capacity to
promote the proliferation of naïve allogeneic T lymphocytes [61]. Consistent with these
findings, Furuta et al. in 2023 showed that high concentrations of extracellular ATP (1 mM)
enhanced the expression of molecules related to antigen presentation, such as MHC-I, MHC-
II, and costimulatory molecules, such as CD80 and CD86. Furthermore, an increase in the
production of interleukins, such as IL-1β, IL-6, IL-12, and IL-10, was observed in mouse
bone marrow-derived DCs (BMDCs), which mediated T cell activation by inflammasome
activation [62]. These findings highlight the relevance of P2X7R modulation in DCs.

In a study carried out in 2019 by Yu’s team to elucidate part of the mechanism through
which P2X7R regulates DC function, it was evidenced that the NF-κB (p65) pathway plays a
fundamental role in the maturation of BMDCs after activation of the P2X7 receptor by ATP.
This activation leads to the induction of the costimulatory proteins CD80 and CD86 and
the release of IFN-γ and IL-12 in DCs [63]. However, it is notable that, despite the positive
effects of ATP on DC maturation, the combination of ATP and LPS (lipopolysaccharide)
distorts this maturation process. In the presence of both ATP and LPS, an inhibition in
the production of IL-1β, TNF-α, IL-6, and IL-12 is observed due to chronic stimulation
compared to treatment with LPS alone. These findings suggest that extracellular ATP
can act as an essential regulatory signal against molecules or pathogens, modulating the
production of IL-12 in DCs, as extensively reviewed previously [64]. This modulation may
be a strategy for the body to prevent excessive and potentially harmful immune responses.

In research carried out by Baroja-Mazo et al. in 2013, the levels of the MHC-I molecule
decreased on the surface of DCs and in bone marrow-derived macrophages after activation
of the P2X7 receptor with ATP [65]. These findings suggest that the activation of this
receptor can have an inhibitory effect on the response mediated by T lymphocytes. The
authors proposed that this decrease in MHC-I complexes could be due to the release of
MHC-I through vesicle shedding, as P2X7R is known to induce the release of vesicles
containing MHC-II protein [66]. It is relevant to note that the concentration of ATP used
in this study was 5 mM for 30 min, which differs from the concentrations used in the
previously described research. In biomedical research, the millimolar concentrations of
ATP used in vitro to activate the P2X7 receptor contrast with the micromolar concentrations
found in vivo, which is due to several key reasons. First, the P2X7 receptor is characterized
by requiring higher concentrations of ATP for its activation compared to other P2X receptors,
possibly due to its unique molecular structure and role in cellular signaling [67]. In vitro
studies employ these high concentrations to ensure receptor activation and to study its
effects in a controlled manner. In contrast, in vivo, the availability and concentration of
extracellular ATP are regulated by multiple factors, such as ATP-degrading enzymes and
tissue fluid dynamics. Moreover, although the levels of extracellular ATP (eATP) can
increase in pathological conditions, such as tumors or inflammation, they rarely reach
millimolar levels. However, it has been observed that eATP concentrations of 100–300 µM,
typical in damaged tissues or under cellular stress, are sufficient to activate the P2X7
receptor, even apoptosis [68]. This indicates that although high concentrations are used
in vitro to study the full range of receptor responses, in vivo activation and physiological
function of the receptor do not necessarily require such elevated levels [69] (Figure 3).
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5. P2X7 Receptor and Antigen Cross-Dressing in DCs: A New Way to Present Antigens
and Activate T-Cells

The P2X7R receptor plays a fundamental role in antigen presentation and the activation
of T cells through a process known as antigen cross-dressing. “Cross-dressing” is a process
through which APCs, like DCs, can take up preformed peptide/MHC complexes from
other cells’ membranes and put them on their surfaces without antigen processing [70].
A study carried out by Barrera-Avalos et al. (2021) reported that P2X7R expression is
essential for the transfer of preformed functional complexes of peptide from Ovalbumin
(OVA), SIINFEKLOVA257-264/MHC-I, from the surface of extracellular vesicles (EVs) to the
surface of BMDCs, and conventional CD8+ DCs (cDC1). The peptide/MHC-I complex
can be transferred to the surface of DCs in a fully functional way that can activate CD8+ T
lymphocytes [71]. To date, it is unknown how P2X7R promotes antigen cross-dressing in
DCs. However, it is postulated that it could be through its previously described membrane-
fusogenic activity by interacting with another P2X7R on its cell membrane counterpart or
activating downstream signaling after the recognition of the EVs by the DCs. It is interesting
to note that this mechanism of antigen presentation has been reported to be essential in the
resolution of viral infections and the immune response against cancer [72,73].

The possible role of P2X7R in the induction of cross-dressing is indirectly supported
by some clinical conditions, for example, in graft versus host disease (GVHD). This is a
common complication after bone marrow transplants, where the donor’s T cells recog-
nize and attack the recipient’s tissues as foreign. Markey et al. (2014) [74] described how
the phenomenon of “cross-dressing”, in which murine donor dendritic cells adopt MHC
molecules from the recipient, contributes to the formation of the immunological synapse,
optimizing immune responses to antigens from the recipient presented indirectly. This
could worsen GVHD by boosting the immune response against recipient tissues. While
cross-dressing has been directly linked to GVHD, the P2X7 receptor has been described
as actively influencing the development of the disease. In 2010, Wilhelm et al. reported
that ATP contributed to GVHD by showing that ATP levels rose during GVHD in both
mice and humans and that ATP stimulation boosts the immune response, mostly through
the P2X7R receptor. In contrast, P2X7R-deficient animals resulted in increased STAT5
phosphorylation and FoxP3 expression in CD4+ T cells, thereby promoting immunological
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tolerance. Furthermore, GVHD can be mitigated by ATP neutralization or P2X7R modifica-
tion, suggesting a therapeutic potential to reduce the severity of GVHD without requiring
intensive immunosuppression in a mechanism that would decrease receptor-mediated
cross-dressing [75]. Similarly, P2X7R antagonism reduces the progression of clinical GVHD
in a humanized mouse model [76,77].

In addition, Sluyter’s group has also made significant contributions to determining the
role that purinergic receptors play in GVHD [78]. An interesting study by Cuthbertson et al
(2021) demonstrates that although there is a correlation between P2X7 receptor activity and
P2RX7 genotype in human leukocytes (gain or loss of receptor function), this relationship
does not have a significant impact on the development of the disease in a humanized mouse
model [79]. This means that, while genetic differences were found to cause differences
in P2X7 activity in humans, these differences were not recapitulated in the experimental
model used to see changes in the severity or presence of GVHD. This finding is relevant
because it suggests that although the P2X7 receptor and its genetic variants may play a role
in the immune response and related diseases, they are not necessarily key determinants
in the development of GVHD in the context studied (Figure 4). They corroborate that
the mechanisms underlying complex diseases, such as GVHD, may be multifactorial and
that a single receptor or pathway may not be sufficient to predict or modify the course of
the disease.
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Figure 4. P2X7 receptor and antigen cross-dressing in DCs. The presence of P2X7 is essential for
the cross-dressing process of dendritic cells and antigen presentation in MHC class I to CD8+ T
lymphocytes. The process of cross-dressing can be involved in graft versus host disease (GVHD).
Accessed on 21 November 2023, https://www.biorender.com.

P2X7 Receptor in Antigen Cross-Presentation by Dendritic Cells: A New Approach

In the same study by Barrera-Avalos et al. (2021), it was shown that incubating
extracellular vesicles (EVs) that expressed the P2X7 receptor and endogenous OVA, the
cross-presentation of OVA in BMDCs was favored compared to EVs without P2X7R. In-
terestingly, when P2X7-deficient BMDCs (P2X7-KO) were incubated with EVs expressing
P2X7R and OVA, there was no increase in the cross-presentation of OVA [71]. This result
suggested that P2X7R in both DCs and EVs or antigenic sources could favor the cross-
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presentation of antigens with subsequent activation of T lymphocytes. This could be
because, as previously described for the P2X7 receptor, membrane fusion between EVs
and DCs may occur, favoring the transfer of OVA to the cytoplasm of DCs to induce cross-
presentation of antigen through the cytosolic route [80] (Figure 5). Interestingly, Giuliani
et al. investigated the shedding of the P2X7 receptor into the bloodstream and its correlation
with C-reactive protein (CRP) levels, an inflammation marker. It reveals that the shed P2X7
receptor (sP2X7R) was found in the blood of healthy subjects and patients, with its levels
increasing in various conditions. The study suggests that sP2X7R in blood might provide a
novel diagnostic approach to monitoring inflammation, as its levels significantly correlate
with CRP levels, particularly in conditions like ischemia, infections, and other inflamma-
tory diseases. The research also explores the potential sources of sP2X7R, suggesting its
association with EVs like microvesicles/microparticles released from cells [81] The release
of microparticles that express P2X7R due to different pathologies could, for example, be
phagocytosed by DCs and cross-present the antigens carried on these microparticles to T
lymphocytes in a mechanism that the P2X7 receptor could favor.
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6. P2X7R in Macrophages: An Indirect Effect on Antigen Presentation

In macrophages, P2X7R is highly expressed and is an essential component of the
innate immune reaction against pathogens, playing a crucial role in the control of pro-
inflammation and anti-inflammation in an immune response [82].

One of the functions attributed to P2X7R in macrophages is related to their polarization.
In 2023, Scherr et al. published a study that showed that ATP slows down the natural
differentiation of human monocytes to M2 macrophages. This was linked to a dose-
dependent decrease in the release of chemokine CCL18. However, ATP stimulation did not
affect IL-1β concentration, indicating that ATP prevents differentiation into M2 but does
not affect differentiation into M1 during an inflammatory process [83]. Importantly, M1
macrophages release the cytokines IL-12 and IL-23 and promote the differentiation of T cells
into Th1 and Th17 cells, respectively, which is essential for the immune response against
intracellular pathogens and inflammation [84]. In this line, the immune response against
this type of pathogen could be improved by promoting macrophages to become more like
the M1 phenotype through P2X7R. This is achieved by increasing T cell activation during
antigen presentation by macrophages and consolidating the relationship between antigen
presentation and P2X7R-mediated T cell activation in macrophages under some infections.

In 2010, Thomas and Salter showed that the expression of CD86, CD80, MHC-II,
and TNF-α increases when 3 mM ATP was added to murine J774 macrophages. This
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effect is dependent on P2X7 [85]. This expression suggests a potential augmentation of
antigen presentation capabilities and subsequent T-cell stimulation. At the same time, parts
of bacteria, especially LPS, have been found to interact with the C-terminal domain of
P2X7R. Such interactions modulate the receptor’s activity, increasing the production of
pro-inflammatory cytokines TNF-α and IL-1β [86].

In a study conducted in 2020, Zhou and colleagues highlighted the role of the MerTK
receptor in recognizing apoptotic cells within Mφ. They found that inhibiting the MerTK
receptor promoted ATP accumulation within the tumor microenvironment. This extra-
cellular ATP, in turn, can activate the P2X7R, facilitating the entry of dsDNA, although
the mechanism of cGAMP entry is still unclear. This process triggers the activation of
cGAMP and the STING pathway, culminating in the production of IFN-β. This series of
events causes IFN-β-dependent effector T cells to become more polarized, which boosts
the immune response against the tumor [87] (Figure 6). Still, the complicated link between
activating P2X7R and its direct effect on antigen presentation in macrophages is a promising
but not fully explored area of scientific research.
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the expression of major histocompatibility complex class II molecules and the costimulation of T-cells
through the expression of CD80/CD86, it also promotes TNF-α release. Accessed on 28 November
2023, https://www.biorender.com.

P2X7R in Mycobacterium Tuberculosis Infections

Tuberculosis is caused by Mycobacterium tuberculosis (MTB), which enters the body
mainly through inhalation and predominantly infects alveolar macrophages in the lungs.
This bacterium has developed mechanisms to survive and multiply within macrophages,
thus evading the body’s immune defense [88]. Several studies have indicated that activation
of the P2X7R receptor is crucial in eradicating M. bovis infection in ex vivo cultures of human
monocyte-derived macrophages (MDMC) [89]. ATP has also been shown to improve the
killing of M. tuberculosis in THP-1 monocytes in vitro [90]. A study led by Santos et al.
in 2013 revealed that P2X7R-deficient mice (P2X7R−/−) had a higher bacterial load of M.
tuberculosis in the lung tissue and a reduction in the number of CD8+ T lymphocytes, in
contrast to wild-type (WT) mice [91]. However, other studies have shown divergent results,
where mice lacking the P2X7 receptor (P2X7−/−) exhibited no significant differences in
lung bacterial load or interferon-gamma (IFN-γ) levels compared to WT mice. Furthermore,
ex vivo antigen presentation was analogous between P2X7−/− and WT mice [92]. Another
analysis showed similar findings, where mortality and lung deterioration in P2X7−/− mice
manifested with a delay compared to WT mice [93]. Despite these discrepancies, ATP
has been proposed as a therapeutic strategy to enhance the clearance of M. tuberculosis
and promote apoptosis in infected monocytes and macrophages through the activation
of P2X7R [94]. This activation could not only induce the death of the bacteria but also
enhance other functions of P2X7R, such as the elevation of costimulatory molecules and
the production of proinflammatory cytokines.
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A promising approach to the immune response against M. tuberculosis lies in the
apoptosis of infected cells [95], giving rise to apoptotic cell-derived extracellular vesicles
(ACdEVs) carrying M. tuberculosis antigens (reviewed in [96]). It has been shown that
ACdEVS originating from macrophages infected with mycobacteria can trigger a specific
CD8+ T cell response in vivo [97–99]. One of the possible pathways of the immune response
against Mycobacterium tuberculosis could be mediated by P2X7R since these ACdEVs would
contain P2X7 receptors on their surface, favoring cross-dressing or cross-presentation of
antigens as an alternative to T-cell activation never previously seen, probably involving
membrane fusion as previously described (Figure 7).
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7. P2X7 Receptor Loss of Function Polymorphisms Restrain the Immune Response

The P2X7R gene is known to have numerous polymorphisms and single nucleotide
polymorphisms (SNPs). However, not all these variations have been linked to changes
in response to diseases in the existing literature, but only a few have been studied in
this context.

Two notable variants of P2X7R are P2X7B, which has an out-C-terminal domain, and
P2X7J, which is non-functional due to the truncation of exon 7. Both P2X7R variants
lack pore-forming activity [100]. This absence is significant, as it contributes to cancer
progression, primarily because these variants cannot induce apoptosis in tumor cells.
Another overlooked factor is its inability to facilitate adequate T-cell activation.

The most extensively studied P2X7R polymorphism is 1513A>C (Glu496Ala). This vari-
ant retains its electrophysiological characteristics but is unable to form a macropore [101,102]
due to lower expression of the P2X7 receptor in vivo, as demonstrated in monocytes from
patients homozygous for the Glu496Ala mutation [103]. Interestingly, the 1513A>C variant
makes it harder for the host to fight off M. tuberculosis so the bacteria can live inside host
cells [104,105]. This polymorphism is also linked to a heightened risk of pulmonary tuber-
culosis in Asian populations [106,107]. Furthermore, it has been associated with increased
susceptibility to M. tuberculosis infection in various global populations [108–113]. This
variant also correlates with several cancers, including B-chronic lymphocyte leukemia [114],
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papillary thyroid cancer [115], and breast cancer [116]. In addition, it has shown a reduced
anti-tumor immune response against multiple myeloma [117].

In contrast, the SNP Pro 451 Leu, found in mice, affects macropore formation but
does not alter the channel’s properties in murine thymocytes [118]. Its role in antigen
presentation or infection has yet to be assessed. A 2017 study evaluated the susceptibility of
the B16F10 metastatic melanoma line in two mouse strains, C57BL/6 and BALB/c. These
strains differ in their MHC haplotypes; the BALB/c strain carries the P2X7R Pro451Leu SNP.
The effect of this difference can be observed, for example, when B16F10 melanoma cells
are administered into BALB/c mice, when they have three times more likely to develop
melanoma than C57BL/6 mice. This finding underscores the importance of a functional
P2X7R response, even when a tumor of one genetic profile develops in a host with a
different genetic background [119]. The importance of a functional P2X7R could also be
related to a decrease in the antigen presentation of the B16F10 line and a decrease in the
activation of T lymphocytes, which are important processes against tumor development.

Additionally, C57BL/6 mice showed resistance to lethal encephalitis when infected
with Herpes simplex 1 (HSV-1) compared to BALB/c mice [120]. This resistance is at-
tributed to the enhanced activity of CD8+ and T-CD4+ T-lymphocytes in C57BL/6 mice.
A similar difference in immune responses between the two mouse strains was observed
during Yersinia enterocolitica infection [121]. However, it is essential to note that the varied
immune responses between BALB/c and C57BL/6 mice might not solely be due to the
P2X7R polymorphism.

The polymorphism 946G>A, which results in the substitution of glutamine (R307Q)
for arginine in position 307 of the amino acid, causes a loss of function by switching the
location of the ATP-interaction site in the extracellular domain [122], relating to a decrease
in proinflammatory status. Hence, it is likely that the receptor polymorphism not only
affects the ability of tumors to enter apoptosis due to the inability to generate the membrane
pore but also directly affects the ability of APCs to induce T-cell activation.

Among the splice variants of the P2X7 receptor, only P2X7B maintains its activity as a
channel. The other described variants, including C, E, F, and G, are non-functional [123,124].
Recent analyses that include these variants have allowed us to characterize that their
differential expression correlates with the malignancy of the disease. For example, in breast
cancer, the P2X7J variant was identified that lacks the second transmembrane domain and
the C-terminal tail. This variant is endogenously expressed in cervical cancer cells and
is responsible for cancer progression [125]. The P2X7B splice variant, associated with a
lack of macropore formation, increases the proliferation of Te85 osteosarcoma [126]. This is
expressed in several tumors and is correlated with metastasis, greater aggressiveness, and
greater chemoresistance in leukemia and osteosarcoma [127,128].

A common point between the P2X7R splice variant and SNPs is the association with a
lack of macropore formation after a stimulus. Initially, it was described that the presence
of P2X7R in tumor cells results in an unfavorable prognosis in most cases. However, we
only sought to determine whether this receptor was expressed in the different tumor stages
without considering the presence of receptor polymorphisms [129–132]. Overall, research
into the connection between P2X7R polymorphisms and diseases continues. More research
is required to fully understand how these genetic differences affect both health and disease
in the population. It is crucial, for example, at the level of maturation, antigen presentation,
and activation of T lymphocytes by dendritic cells and macrophages, since these are critical
events to initiate an effective immune response. These aspects have not yet been related to
the consequences of P2X7 receptor polymorphisms.

8. P2X7 Receptor Gain of Function Polymorphisms Increase the Immune Response

The main role described for P2X7R linked to the activation of the functional response
is associated with the induction and activation of the inflammasome, but several reports
show that P2X7R SNPs and splicing variants are expressed in cells and could cause immune
response disruption. Pegoraro et al. (2020) associated the C489T (H155Y) gain-of-function
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on macropore induction activity polymorphism with increased susceptibility to human
herpes virus-6 (HHV-6) infection [133]. Furthermore, it suggested that the virus’s virulence
and degree of illness, in this case, depended on a high activation of the P2X7R (revised
in [134]). As a result, the P2X7R can promote infection by favoring pathogen entry through
the formation of membrane pores generated by activating the P2X7R. The H155Y mutation,
which generates a gain of function, causes greater activation of the NLRP3 inflammasome,
increasing the levels of IL-1βb, IL-18, and TNF cytokines, yielding a scenario of extreme
inflammation [135]. This exacerbated inflammation has been linked to Alzheimer’s dis-
ease [136], autoimmune diseases [137], and chronic pain [138]. This background could
suggest that the gain-of-function polymorphism could aggravate, for example, an infection
by the recent SARS-CoV-2 virus, considering that a pro-inflammatory storm is responsible
for the lung and multicellular damage associated with fibrosis [139], in an unknown aspect.
These studies indicate the importance of the P2X7 receptor in generating an inflammatory
state and open the possibility that these findings are related to the capacity of the receptor
to favor the presentation of pathogen antigens and the activation of T lymphocytes. The
effects of the different polymorphisms and splicing variants of P2X7R are summarized in
Table 1.

Table 1. Relationship between SNPs and P2X7R variants in the responses mediated by APCs.

Mutation Studied Effect Reference

P2X7R Polymorphism

1513A>C
(E496A)
(human)

It generates a receptor that retains its electrophysiological features but
cannot form a macropore. [101,102]

Impairs the response against MTB and allows the survival of
mycobacteria within the host cells in several populations. [104,105,108–113]

Decreased antitumoral immune response against cancers [104,105]

451P>L
(mouse) Affected macropore formation without channel’s properties alteration. [118]

946G>A
(R307Q) (human)

Loss of function by switching the location of the ATP-interaction site in
the extracellular domain.

This decreases proinflammatory status
[122]

Increased susceptibility to human herpes virus-6 (HHV-6) infection by
gain-of-function on macropore induction activity. [133]

Causes greater activation of the NLRP3 inflammasome, increasing the
levels of IL-1βb, IL-18, and TNF cytokines. [135]

Splicing variants

P2X7B
(human)

Lack of macropore formation, correlated with metastasis and more
aggressive, and even more chemoresistance in leukemia

and osteosarcoma.
[127,128]

P2X7J

Lack of macropore formation. [100]

Variant identified in breast cancer, which lacks the second
transmembrane domain and the C-terminal tail. [125]

P2X7 C, E, F, and G
(human and mouse) non-functional. [123,124]

9. Concluding Remarks

The P2X7R, an ionotropic receptor, is a member of the P2X family of purinergic re-
ceptors. It has been identified as playing several roles within immune cells, including
the modulation and differentiation of T cells, dendritic cells, and macrophages, with a
particular emphasis on inflammatory responses. The receptor’s function within antigen-
presenting cells is becoming increasingly clear, identifying numerous significant functions.
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For instance, it has been reported that the activation of P2X7R on dendritic cells triggers the
expression of costimulatory molecules and the secretion of cytokines, thereby facilitating
T-cell activation. The activation of T lymphocytes against various antigens may also be
attributed to a relatively novel and under-researched mechanism known as cross-dressing
and cross-presentation. Moreover, other populations of antigen-presenting cells, such as
macrophages, can also be modulated through P2X7R activation. This modulation can result
in either the stimulation of T-cell responses or the resolution of inflammation, contingent
on whether the reaction is mediated by M1 inflammatory Mφ. In addition to its association
with other aspects of the physiology of presenting cells, we have summarized the reported
evidence of the receptor’s role in conventional and unconventional antigen presentation
related to canonical and non-canonical P2X7R functions. Direct evidence implicates the
receptor’s role in cross-dressing in response to MTB. Furthermore, evidence-based polymor-
phism supports the possible role of the receptor in unconventional antigen presentation.

The modulation of the P2X7R has excellent therapeutic potential in treating infectious
diseases and cancer, but more research is required to develop effective and safe therapeutic
strategies. These strategies include using P2X7R agonists or antagonists, or modulation
of ATP release to tune P2X7R activation and optimize the immune response. However,
it is essential to emphasize that despite the increasing awareness of the role of P2X7 in
human diseases, no P2X7-targeted drugs have been translated to clinical use. This suggests
that more research is required to fully understand this receptor’s basic molecular and
physiological properties and the intracellular pathways its activation or inhibition affects.
Furthermore, it is worth noting that using P2X7R agonists or antagonists, or modulation of
ATP release, to tune P2X7R activation and optimize the immune response should consider
the immunological context. This means that the approach should be tailored to the specific
pathogen in the case of infectious diseases or to the type and stage of cancer to optimize
the effectiveness of the therapeutic strategy. These findings collectively open up new
avenues for developing innovative therapies that target or activate the P2X7R to enhance
the immune response in various disorders, including cancer.
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11. Grygorowicz, T.; Dąbrowska-Bouta, B.; Strużyńska, L. Administration of an Antagonist of P2X7 Receptor to EAE Rats Prevents a

Decrease of Expression of Claudin-5 in Cerebral Capillaries. Purinergic Signal 2018, 14, 385–393. [CrossRef]
12. Platania, C.B.M.; Lazzara, F.; Fidilio, A.; Fresta, C.G.; Conti, F.; Giurdanella, G.; Leggio, G.M.; Salomone, S.; Drago, F.; Bucolo,

C. Blood-Retinal Barrier Protection against High Glucose Damage: The Role of P2X7 Receptor. Biochem. Pharmacol. 2019, 168,
249–258. [CrossRef] [PubMed]

13. Chisari, M.; Barraco, M.; Bucolo, C.; Ciranna, L.; Sortino, M.A. Purinergic Ionotropic P2X7 and Metabotropic Glutamate MGlu5
Receptors Crosstalk Influences Pro-Inflammatory Conditions in Microglia. Eur. J. Pharmacol. 2023, 938, 175389. [CrossRef]
[PubMed]

14. Albalawi, F.; Lu, W.; Beckel, J.M.; Lim, J.C.; McCaughey, S.A.; Mitchell, C.H. The P2X7 Receptor Primes IL-1β and the NLRP3
Inflammasome in Astrocytes Exposed to Mechanical Strain. Front. Cell Neurosci. 2017, 11, 227. [CrossRef]

15. Ye, X.; Shen, T.; Hu, J.; Zhang, L.; Zhang, Y.; Bao, L.; Cui, C.; Jin, G.; Zan, K.; Zhang, Z.; et al. Purinergic 2X7 Receptor/NLRP3
Pathway Triggers Neuronal Apoptosis after Ischemic Stroke in the Mouse. Exp. Neurol. 2017, 292, 46–55. [CrossRef]

16. Wewers, M.D.; Sarkar, A. P2X(7) receptor and macrophage function. Purinergic Signal. 2009, 5, 189–195. [CrossRef] [PubMed]
17. Pippel, A.; Beßler, B.; Klapperstück, M.; Markwardt, F. Inhibition of Antigen Receptor-Dependent Ca2+ Signals and NF-AT

Activation by P2X7 Receptors in Human B Lymphocytes. Cell Calcium 2015, 57, 275–289. [CrossRef] [PubMed]
18. Surprenant, A.; Rassendren, F.; Kawashima, E.; North, R.A.; Buell, G. The Cytolytic P2Z Receptor for Extracellular ATP Identified

as a P2X Receptor (P2X7). Science 1996, 272, 735–738. [CrossRef]
19. Di Virgilio, F.; Schmalzing, G.; Markwardt, F. The Elusive P2X7 Macropore. Trends Cell Biol. 2018, 28, 392–404. [CrossRef]
20. Ferrari, D.; Pizzirani, C.; Adinolfi, E.; Forchap, S.; Sitta, B.; Turchet, L.; Falzoni, S.; Minelli, M.; Baricordi, R.; Di Virgilio, F. The

Antibiotic Polymyxin B Modulates P2X7 Receptor Function. J. Immunol. 2004, 173, 4652–4660. [CrossRef]
21. Cheewatrakoolpong, B.; Gilchrest, H.; Anthes, J.C.; Greenfeder, S. Identification and Characterization of Splice Variants of the

Human P2X7 ATP Channel. Biochem. Biophys. Res. Commun. 2005, 332, 17–27. [CrossRef]
22. Stokes, L.; Fuller, S.J.; Sluyter, R.; Skarratt, K.K.; Gu, B.J.; Wiley, J.S. Two Haplotypes of the P2X(7) Receptor Containing the

Ala-348 to Thr Polymorphism Exhibit a Gain-of-Function Effect and Enhanced Interleukin-1beta Secretionβ Secretion. FASEB J.
2010, 24, 2916–2927. [CrossRef]

23. Pelegrin, P.; Surprenant, A. Pannexin-1 Mediates Large Pore Formation and Interleukin-1β Release by the ATP-Gated P2X7
Receptor. EMBO J. 2006, 25, 5071–5082. [CrossRef]

24. Weilinger, N.L.; Lohman, A.W.; Rakai, B.D.; Ma, E.M.M.; Bialecki, J.; Maslieieva, V.; Rilea, T.; Bandet, M.V.; Ikuta, N.T.; Scott, L.;
et al. Metabotropic NMDA Receptor Signaling Couples Src Family Kinases to Pannexin-1 during Excitotoxicity. Nat. Neurosci.
2016, 19, 432–442. [CrossRef]

25. León, D.; Hervás, C.; Miras-Portugal, M.T. P2Y1 and P2X7 Receptors Induce Calcium/Calmodulin-Dependent Protein Kinase II
Phosphorylation in Cerebellar Granule Neurons. Eur. J. Neurosci. 2006, 23, 2999–3013. [CrossRef]

26. Karasawa, A.; Michalski, K.; Mikhelzon, P.; Kawate, T. The P2X7 Receptor Forms a Dye-Permeable Pore Independent of Its
Intracellular Domain but Dependent on Membrane Lipid Composition. eLife 2017, 6, e31186. [CrossRef] [PubMed]

27. Hanley, P.J.; Kronlage, M.; Kirschning, C.; del Rey, A.; Di Virgilio, F.; Leipziger, J.; Chessell, I.P.; Sargin, S.; Filippov, M.A.;
Lindemann, O.; et al. Transient P2X7 Receptor Activation Triggers Macrophage Death Independent of Toll-like Receptors 2 and 4,
Caspase-1, and Pannexin-1 Proteins. J. Biol. Chem. 2012, 287, 10650–10663. [CrossRef]

28. Di Virgilio, F.; Giuliani, A.L.; Vultaggio-Poma, V.; Falzoni, S.; Sarti, A.C. Non-Nucleotide Agonists Triggering P2X7 Receptor
Activation and Pore Formation. Front. Pharmacol. 2018, 9, 39. [CrossRef]

29. el-Moatassim, C.; Dubyak, G.R. A Novel Pathway for the Activation of Phospholipase D by P2z Purinergic Receptors in BAC1.2F5
Macrophages. J. Biol. Chem. 1992, 267, 23664–23673. [CrossRef] [PubMed]

30. Gargett, C.E.; Cornish, E.J.; Wiley, J.S. Phospholipase D Activation by P2Z-Purinoceptor Agonists in Human Lymphocytes Is
Dependent on Bivalent Cation Influx. Biochem. J. 1996, 313, 529–535. [CrossRef] [PubMed]

31. Humphreys, B.D.; Dubyak, G.R. Induction of the P2z/P2X7 Nucleotide Receptor and Associated Phospholipase D Activity by
Lipopolysaccharide and IFN-Gamma in the Human THP-1 Monocytic Cell Line. J. Immunol. 1996, 157, 5627–5637. [CrossRef]

32. Garcia-Marcos, M.; Pochet, S.; Marino, A.; Dehaye, J.-P. P2X7 and Phospholipid Signalling: The Search of the “Missing Link” in
Epithelial Cells. Cell Signal 2006, 18, 2098–2104. [CrossRef]

33. Barbieri, R.; Alloisio, S.; Ferroni, S.; Nobile, M. Differential Crosstalk between P2X7 and Arachidonic Acid in Activation of
Mitogen-Activated Protein Kinases. Neurochem. Int. 2008, 53, 255–262. [CrossRef] [PubMed]

34. Armstrong, J.N.; Brust, T.B.; Lewis, R.G.; MacVicar, B.A. Activation of Presynaptic P2X7-Like Receptors Depresses Mossy
Fiber–CA3 Synaptic Transmission through P38 Mitogen-Activated Protein Kinase. J. Neurosci. 2002, 22, 5938–5945. [CrossRef]

https://doi.org/10.3390/ijms23010232
https://www.ncbi.nlm.nih.gov/pubmed/35008658
https://doi.org/10.3389/fphar.2022.925880
https://doi.org/10.1152/physrev.00015.2002
https://doi.org/10.1016/j.tips.2007.07.002
https://doi.org/10.1016/j.immuni.2017.06.020
https://www.ncbi.nlm.nih.gov/pubmed/28723547
https://doi.org/10.1007/s11302-018-9620-9
https://doi.org/10.1016/j.bcp.2019.07.010
https://www.ncbi.nlm.nih.gov/pubmed/31302133
https://doi.org/10.1016/j.ejphar.2022.175389
https://www.ncbi.nlm.nih.gov/pubmed/36435235
https://doi.org/10.3389/fncel.2017.00227
https://doi.org/10.1016/j.expneurol.2017.03.002
https://doi.org/10.1007/s11302-009-9131-9
https://www.ncbi.nlm.nih.gov/pubmed/19214778
https://doi.org/10.1016/j.ceca.2015.01.010
https://www.ncbi.nlm.nih.gov/pubmed/25678443
https://doi.org/10.1126/science.272.5262.735
https://doi.org/10.1016/j.tcb.2018.01.005
https://doi.org/10.4049/jimmunol.173.7.4652
https://doi.org/10.1016/j.bbrc.2005.04.087
https://doi.org/10.1096/fj.09-150862
https://doi.org/10.1038/sj.emboj.7601378
https://doi.org/10.1038/nn.4236
https://doi.org/10.1111/j.1460-9568.2006.04832.x
https://doi.org/10.7554/eLife.31186
https://www.ncbi.nlm.nih.gov/pubmed/28920575
https://doi.org/10.1074/jbc.M111.332676
https://doi.org/10.3389/fphar.2018.00039
https://doi.org/10.1016/S0021-9258(18)35890-3
https://www.ncbi.nlm.nih.gov/pubmed/1331096
https://doi.org/10.1042/bj3130529
https://www.ncbi.nlm.nih.gov/pubmed/8573088
https://doi.org/10.4049/jimmunol.157.12.5627
https://doi.org/10.1016/j.cellsig.2006.05.008
https://doi.org/10.1016/j.neuint.2008.05.001
https://www.ncbi.nlm.nih.gov/pubmed/18804898
https://doi.org/10.1523/JNEUROSCI.22-14-05938.2002


Int. J. Mol. Sci. 2024, 25, 2495 16 of 20

35. BRADFORD, M.D.; SOLTOFF, S.P. P2X7 Receptors Activate Protein Kinase D and P42/P44 Mitogen-Activated Protein Kinase
(MAPK) Downstream of Protein Kinase C. Biochem. J. 2002, 366, 745–755. [CrossRef] [PubMed]

36. Hu, Y.; Fisette, P.L.; Denlinger, L.C.; Guadarrama, A.G.; Sommer, J.A.; Proctor, R.A.; Bertics, P.J. Purinergic Receptor Modulation
of Lipopolysaccharide Signaling and Inducible Nitric-Oxide Synthase Expression in RAW 264.7 Macrophages. J. Biol. Chem. 1998,
273, 27170–27175. [CrossRef] [PubMed]

37. AMSTRUP, J.; NOVAK, I. P2X7 Receptor Activates Extracellular Signal-Regulated Kinases ERK1 and ERK2 Independently of
Ca2+ Influx. Biochem. J. 2003, 374, 51–61. [CrossRef]

38. Caro, A.A.; Cederbaum, A.I. Role of Intracellular Calcium and Phospholipase A2 in Arachidonic Acid-Induced Toxicity in Liver
Cells Overexpressing CYP2E1. Arch. Biochem. Biophys. 2007, 457, 252–263. [CrossRef]

39. Broad, L.M.; Braun, F.-J.; Lievremont, J.-P.; Bird, G.S.J.; Kurosaki, T.; Putney, J.W. Role of the Phospholipase C-Inositol 1,4,5-
Trisphosphate Pathway in Calcium Release-Activated Calcium Current and Capacitative Calcium Entry. J. Biol. Chem. 2001, 276,
15945–15952. [CrossRef]

40. Kopp, R.; Krautloher, A.; Ramírez-Fernández, A.; Nicke, A. P2X7 Interactions and Signaling—Making Head or Tail of It. Front.
Mol. Neurosci. 2019, 12, 183. [CrossRef]

41. Garcia-Marcos, M.; Peérez-Andreés, E.; Tandel, S.; Fontanils, U.; Kumps, A.; Kabreé, E.; Goémez-Muñoz, A.; Marino, A.; Dehaye,
J.-P.; Pochet, S. Coupling of Two Pools of P2X7 Receptors to Distinct Intracellular Signaling Pathways in Rat Submandibular
Gland. J. Lipid Res. 2006, 47, 705–714. [CrossRef] [PubMed]

42. Qu, Y.; Dubyak, G.R. P2X7 Receptors Regulate Multiple Types of Membrane Trafficking Responses and Non-Classical Secretion
Pathways. Purinergic Signal 2009, 5, 163–173. [CrossRef] [PubMed]

43. Lemaire, I.; Falzoni, S.; Zhang, B.; Pellegatti, P.; Di Virgilio, F. The P2X7 Receptor and Pannexin-1 Are Both Required for the
Promotion of Multinucleated Macrophages by the Inflammatory Cytokine GM-CSF. J. Immunol. 2011, 187, 3878–3887. [CrossRef]

44. Pellegatti, P.; Falzoni, S.; Donvito, G.; Lemaire, I.; Di Virgilio, F. P2X7 Receptor Drives Osteoclast Fusion by Increasing the
Extracellular Adenosine Concentration. FASEB J. 2011, 25, 1264–1274. [CrossRef] [PubMed]

45. Chiozzi, P.; Sanz, J.M.; Ferrari, D.; Falzoni, S.; Aleotti, A.; Buell, G.N.; Collo, G.; Virgilio, F. Di Spontaneous Cell Fusion in
Macrophage Cultures Expressing High Levels of the P2Z/P2X7 Receptor. J. Cell Biol. 1997, 138, 697–706. [CrossRef]

46. Lemaire, I.; Falzoni, S.; Leduc, N.; Zhang, B.; Pellegatti, P.; Adinolfi, E.; Chiozzi, P.; Di Virgilio, F. Involvement of the Purinergic
P2X7 Receptor in the Formation of Multinucleated Giant Cells. J. Immunol. 2006, 177, 7257–7265. [CrossRef]

47. Grol, M.W.; Panupinthu, N.; Korcok, J.; Sims, S.M.; Dixon, S.J. Expression, Signaling, and Function of P2X7 Receptors in Bone.
Purinergic Signal 2009, 5, 205–221. [CrossRef]

48. Falzoni, S.; Chiozzi, P.; Ferrari, D.; Buell, G.; Di Virgilio, F. P2X7 Receptor and Polykarion Formation. Mol. Biol. Cell 2000, 11,
3169–3176. [CrossRef] [PubMed]

49. Goñi, F.M.; Montes, L.-R.; Alonso, A. Phospholipases C and Sphingomyelinases: Lipids as Substrates and Modulators of Enzyme
Activity. Prog. Lipid Res. 2012, 51, 238–266. [CrossRef]

50. Gu, B.J.; Duce, J.A.; Valova, V.A.; Wong, B.; Bush, A.I.; Petrou, S.; Wiley, J.S. P2X7 Receptor-Mediated Scavenger Activity of
Mononuclear Phagocytes toward Non-Opsonized Particles and Apoptotic Cells Is Inhibited by Serum Glycoproteins but Remains
Active in Cerebrospinal Fluid. J. Biol. Chem. 2012, 287, 17318–17330. [CrossRef] [PubMed]

51. Gu, B.J.; Wiley, J.S. P2X7 as a Scavenger Receptor for Innate Phagocytosis in the Brain. Br. J. Pharmacol. 2018, 175, 4195–4208.
[CrossRef]

52. Gu, B.J.; Saunders, B.M.; Petrou, S.; Wiley, J.S. P2X7 Is a Scavenger Receptor for Apoptotic Cells in the Absence of Its Ligand,
Extracellular ATP. J. Immunol. 2011, 187, 2365–2375. [CrossRef]

53. Adinolfi, E.; Kim, M.; Young, M.T.; Di Virgilio, F.; Surprenant, A. Tyrosine Phosphorylation of HSP90 within the P2X7 Receptor
Complex Negatively Regulates P2X7 Receptors. J. Biol. Chem. 2003, 278, 37344–37351. [CrossRef]

54. Kim, M. Proteomic and Functional Evidence for a P2X7 Receptor Signalling Complex. EMBO J. 2001, 20, 6347–6358. [CrossRef]
55. Neefjes, J.; Ovaa, H. A Peptide’s Perspective on Antigen Presentation to the Immune System. Nat. Chem. Biol. 2013, 9, 769–775.

[CrossRef]
56. Guermonprez, P.; Valladeau, J.; Zitvogel, L.; Théry, C.; Amigorena, S. Antigen Presentation and T Cell Stimulation by Dendritic

Cells. Annu. Rev. Immunol. 2002, 20, 621–667. [CrossRef]
57. Sharpe, A.H. Mechanisms of Costimulation. Immunol. Rev. 2009, 229, 5–11. [CrossRef] [PubMed]
58. Watts, T.H.; Bertram, E.M.; Bukczynski, J.; Wen, T. T Cell Costimulatory Molecules in Anti-Viral Immunity: Potential Role in

Immunotherapeutic Vaccines. Can. J. Infect. Dis. 2003, 14, 221–229. [CrossRef] [PubMed]
59. Rahman, K.; Iyer, S.S. Costimulatory Molecules as Vaccine Adjuvants: To 4-1BB or Not to 4-1BB? Cell Mol. Immunol. 2015, 12,

508–509. [CrossRef] [PubMed]
60. Mutini, C.; Falzoni, S.; Ferrari, D.; Chiozzi, P.; Morelli, A.; Baricordi, O.R.; Collo, G.; Ricciardi-Castagnoli, P.; Di Virgilio, F. Mouse

Dendritic Cells Express the P2X7 Purinergic Receptor: Characterization and Possible Participation in Antigen Presentation. J.
Immunol. 1999, 163, 1958–1965. [CrossRef] [PubMed]

61. la Sala, A.; Ferrari, D.; Corinti, S.; Cavani, A.; Di Virgilio, F.; Girolomoni, G. Extracellular ATP Induces a Distorted Maturation of
Dendritic Cells and Inhibits Their Capacity to Initiate Th1 Responses. J. Immunol. 2001, 166, 1611–1617. [CrossRef] [PubMed]

https://doi.org/10.1042/bj20020358
https://www.ncbi.nlm.nih.gov/pubmed/12057008
https://doi.org/10.1074/jbc.273.42.27170
https://www.ncbi.nlm.nih.gov/pubmed/9765236
https://doi.org/10.1042/bj20030585
https://doi.org/10.1016/j.abb.2006.10.018
https://doi.org/10.1074/jbc.M011571200
https://doi.org/10.3389/fnmol.2019.00183
https://doi.org/10.1194/jlr.M500408-JLR200
https://www.ncbi.nlm.nih.gov/pubmed/16415476
https://doi.org/10.1007/s11302-009-9132-8
https://www.ncbi.nlm.nih.gov/pubmed/19189228
https://doi.org/10.4049/jimmunol.1002780
https://doi.org/10.1096/fj.10-169854
https://www.ncbi.nlm.nih.gov/pubmed/21233486
https://doi.org/10.1083/jcb.138.3.697
https://doi.org/10.4049/jimmunol.177.10.7257
https://doi.org/10.1007/s11302-009-9139-1
https://doi.org/10.1091/mbc.11.9.3169
https://www.ncbi.nlm.nih.gov/pubmed/10982408
https://doi.org/10.1016/j.plipres.2012.03.002
https://doi.org/10.1074/jbc.M112.340885
https://www.ncbi.nlm.nih.gov/pubmed/22461619
https://doi.org/10.1111/bph.14470
https://doi.org/10.4049/jimmunol.1101178
https://doi.org/10.1074/jbc.M301508200
https://doi.org/10.1093/emboj/20.22.6347
https://doi.org/10.1038/nchembio.1391
https://doi.org/10.1146/annurev.immunol.20.100301.064828
https://doi.org/10.1111/j.1600-065X.2009.00784.x
https://www.ncbi.nlm.nih.gov/pubmed/19426211
https://doi.org/10.1155/2003/214034
https://www.ncbi.nlm.nih.gov/pubmed/18159461
https://doi.org/10.1038/cmi.2014.90
https://www.ncbi.nlm.nih.gov/pubmed/25195512
https://doi.org/10.4049/jimmunol.163.4.1958
https://www.ncbi.nlm.nih.gov/pubmed/10438932
https://doi.org/10.4049/jimmunol.166.3.1611
https://www.ncbi.nlm.nih.gov/pubmed/11160202


Int. J. Mol. Sci. 2024, 25, 2495 17 of 20

62. Furuta, K.; Onishi, H.; Ikada, Y.; Masaki, K.; Tanaka, S.; Kaito, C. ATP and Its Metabolite Adenosine Cooperatively Upregulate
the Antigen-Presenting Molecules on Dendritic Cells Leading to IFN-γ Production by T Cells. J. Biol. Chem. 2023, 299, 104587.
[CrossRef] [PubMed]

63. Yu, Y.; Feng, S.; Wei, S.; Zhong, Y.; Yi, G.; Chen, H.; Liang, L.; Chen, H.; Lu, X. Extracellular ATP Activates P2X7R-NF-KB (P65)
Pathway to Promote the Maturation of Bone Marrow-Derived Dendritic Cells of Mice. Cytokine 2019, 119, 175–181. [CrossRef]

64. Silva-Vilches, C.; Ring, S.; Mahnke, K. ATP and Its Metabolite Adenosine as Regulators of Dendritic Cell Activity. Front. Immunol.
2018, 9, 2581. [CrossRef] [PubMed]

65. Baroja-Mazo, A.; Barberà-Cremades, M.; Pelegrín, P. P2X7 Receptor Activation Impairs Exogenous MHC Class I Oligopeptides
Presentation in Antigen Presenting Cells. PLoS ONE 2013, 8, e70577. [CrossRef] [PubMed]

66. Qu, Y.; Ramachandra, L.; Mohr, S.; Franchi, L.; Harding, C.V.; Nunez, G.; Dubyak, G.R. P2X7 Receptor-Stimulated Secretion of
MHC Class II-Containing Exosomes Requires the ASC/NLRP3 Inflammasome but Is Independent of Caspase-1. J. Immunol. 2009,
182, 5052–5062. [CrossRef]

67. Allsopp, R.C.; Dayl, S.; Schmid, R.; Evans, R.J. Unique Residues in the ATP Gated Human P2X7 Receptor Define a Novel Allosteric
Binding Pocket for the Selective Antagonist AZ10606120. Sci. Rep. 2017, 7, 725. [CrossRef]

68. Di Virgilio, F.; Sarti, A.C.; Falzoni, S.; De Marchi, E.; Adinolfi, E. Extracellular ATP and P2 Purinergic Signalling in the Tumour
Microenvironment. Nat. Rev. Cancer 2018, 18, 601–618. [CrossRef]

69. Feng, L.; Cai, Y.; Zhu, M.; Xing, L.; Wang, X. The Yin and Yang Functions of Extracellular ATP and Adenosine in Tumor Immunity.
Cancer Cell Int. 2020, 20, 110. [CrossRef]

70. Campana, S.; De Pasquale, C.; Carrega, P.; Ferlazzo, G.; Bonaccorsi, I. Cross-Dressing: An Alternative Mechanism for Antigen
Presentation. Immunol. Lett. 2015, 168, 349–354. [CrossRef]

71. Barrera-Avalos, C.; Briceño, P.; Valdés, D.; Imarai, M.; Leiva-Salcedo, E.; Rojo, L.E.; Milla, L.A.; Huidobro-Toro, J.P.; Robles-Planells,
C.; Escobar, A.; et al. P2X7 Receptor Is Essential for Cross-Dressing of Bone Marrow-Derived Dendritic Cells. iScience 2021, 24,
103520. [CrossRef] [PubMed]

72. Martinez-Usatorre, A.; De Palma, M. Dendritic Cell Cross-dressing and Tumor Immunity. EMBO Mol. Med. 2022, 14. [CrossRef]
73. Wakim, L.M.; Bevan, M.J. Cross-Dressed Dendritic Cells Drive Memory CD8+ T-Cell Activation after Viral Infection. Nature 2011,

471, 629–632. [CrossRef] [PubMed]
74. Markey, K.A.; Koyama, M.; Gartlan, K.H.; Leveque, L.; Kuns, R.D.; Lineburg, K.E.; Teal, B.E.; MacDonald, K.P.A.; Hill, G.R. Cross-

Dressing by Donor Dendritic Cells after Allogeneic Bone Marrow Transplantation Contributes to Formation of the Immunological
Synapse and Maximizes Responses to Indirectly Presented Antigen. J. Immunol. 2014, 192, 5426–5433. [CrossRef]

75. Wilhelm, K.; Ganesan, J.; Müller, T.; Dürr, C.; Grimm, M.; Beilhack, A.; Krempl, C.D.; Sorichter, S.; Gerlach, U.V.; Jüttner, E.;
et al. Graft-versus-Host Disease Is Enhanced by Extracellular ATP Activating P2X7R. Nat. Med. 2010, 16, 1434–1438. [CrossRef]
[PubMed]

76. Sluyter, R.; Cuthbertson, P.; Elhage, A.; Sligar, C.; Watson, D. Purinergic Signalling in Graft-versus-Host Disease. Curr. Opin.
Pharmacol. 2023, 68, 102346. [CrossRef] [PubMed]

77. Cuthbertson, P.; Geraghty, N.J.; Adhikary, S.R.; Casolin, S.; Watson, D.; Sluyter, R. P2X7 Receptor Antagonism Increases Regulatory
T Cells and Reduces Clinical and Histological Graft-versus-Host Disease in a Humanised Mouse Model. Clin. Sci. 2021, 135,
495–513. [CrossRef] [PubMed]

78. Cuthbertson, P.; Geraghty, N.J.; Adhikary, S.R.; Bird, K.M.; Fuller, S.J.; Watson, D.; Sluyter, R. Purinergic Signalling in Allogeneic
Haematopoietic Stem Cell Transplantation and Graft-versus-Host Disease. Int. J. Mol. Sci. 2021, 22, 8343. [CrossRef]

79. Adhikary, S.R.; Geraghty, N.J.; Cuthbertson, P.; Sluyter, R.; Watson, D. Altered Donor P2X7 Activity in Human Leukocytes
Correlates with P2RX7 Genotype but Does Not Affect the Development of Graft-versus-Host Disease in Humanised Mice.
Purinergic Signal 2019, 15, 177–192. [CrossRef]

80. Mantegazza, A.R.; Magalhaes, J.G.; Amigorena, S.; Marks, M.S. Presentation of Phagocytosed Antigens by MHC Class I and II.
Traffic 2013, 14, 135–152. [CrossRef]

81. Giuliani, A.L.; Berchan, M.; Sanz, J.M.; Passaro, A.; Pizzicotti, S.; Vultaggio-Poma, V.; Sarti, A.C.; Di Virgilio, F. The P2X7 Receptor
Is Shed into Circulation: Correlation With C-Reactive Protein Levels. Front. Immunol. 2019, 10. [CrossRef]

82. de Torre-Minguela, C.; Barberà-Cremades, M.; Gómez, A.; Martín-Sánchez, F.; Pelegrín, P. Macrophage activation and polarization
modify P2X7 receptor secretome influencing the inflammatory process. Sci. Rep. 2016, 6, 22586. [CrossRef]

83. Scherr, B.F.; Reiner, M.F.; Baumann, F.; Höhne, K.; Müller, T.; Ayata, K.; Müller-Quernheim, J.; Idzko, M.; Zissel, G. Prevention
of M2 Polarization and Temporal Limitation of Differentiation in Monocytes by Extracellular ATP. BMC Immunol. 2023, 24, 11.
[CrossRef] [PubMed]

84. Arango Duque, G.; Descoteaux, A. Macrophage Cytokines: Involvement in Immunity and Infectious Diseases. Front. Immunol.
2014, 5, 491. [CrossRef]

85. Thomas, L.M.; Salter, R.D. Activation of Macrophages by P2X7-Induced Microvesicles from Myeloid Cells Is Mediated by
Phospholipids and Is Partially Dependent on TLR4. J. Immunol. 2010, 185, 3740–3749. [CrossRef] [PubMed]

86. Chiao, C.-W.; da Silva-Santos, J.E.; Giachini, F.R.; Tostes, R.C.; Su, M.-J.; Webb, R.C. P2X7 Receptor Activation Contributes to
an Initial Upstream Mechanism of Lipopolysaccharide-Induced Vascular Dysfunction. Clin. Sci. 2013, 125, 131–141. [CrossRef]
[PubMed]

https://doi.org/10.1016/j.jbc.2023.104587
https://www.ncbi.nlm.nih.gov/pubmed/36889584
https://doi.org/10.1016/j.cyto.2019.03.019
https://doi.org/10.3389/fimmu.2018.02581
https://www.ncbi.nlm.nih.gov/pubmed/30473700
https://doi.org/10.1371/journal.pone.0070577
https://www.ncbi.nlm.nih.gov/pubmed/23940597
https://doi.org/10.4049/jimmunol.0802968
https://doi.org/10.1038/s41598-017-00732-5
https://doi.org/10.1038/s41568-018-0037-0
https://doi.org/10.1186/s12935-020-01195-x
https://doi.org/10.1016/j.imlet.2015.11.002
https://doi.org/10.1016/j.isci.2021.103520
https://www.ncbi.nlm.nih.gov/pubmed/34950860
https://doi.org/10.15252/emmm.202216523
https://doi.org/10.1038/nature09863
https://www.ncbi.nlm.nih.gov/pubmed/21455179
https://doi.org/10.4049/jimmunol.1302490
https://doi.org/10.1038/nm.2242
https://www.ncbi.nlm.nih.gov/pubmed/21102458
https://doi.org/10.1016/j.coph.2022.102346
https://www.ncbi.nlm.nih.gov/pubmed/36634595
https://doi.org/10.1042/CS20201352
https://www.ncbi.nlm.nih.gov/pubmed/33463682
https://doi.org/10.3390/ijms22158343
https://doi.org/10.1007/s11302-019-09651-8
https://doi.org/10.1111/tra.12026
https://doi.org/10.3389/fimmu.2019.00793
https://doi.org/10.1038/srep22586
https://doi.org/10.1186/s12865-023-00546-3
https://www.ncbi.nlm.nih.gov/pubmed/37353774
https://doi.org/10.3389/fimmu.2014.00491
https://doi.org/10.4049/jimmunol.1001231
https://www.ncbi.nlm.nih.gov/pubmed/20709956
https://doi.org/10.1042/CS20120479
https://www.ncbi.nlm.nih.gov/pubmed/23469860


Int. J. Mol. Sci. 2024, 25, 2495 18 of 20

87. Zhou, Y.; Fei, M.; Zhang, G.; Liang, W.-C.; Lin, W.; Wu, Y.; Piskol, R.; Ridgway, J.; McNamara, E.; Huang, H.; et al. Blockade
of the Phagocytic Receptor MerTK on Tumor-Associated Macrophages Enhances P2X7R-Dependent STING Activation by
Tumor-Derived CGAMP. Immunity 2020, 52, 357–373.e9. [CrossRef]

88. McDonough, K.A.; Kress, Y.; Bloom, B.R. Pathogenesis of Tuberculosis: Interaction of Mycobacterium Tuberculosis with
Macrophages. Infect. Immun. 1993, 61, 2763–2773. [CrossRef]

89. Lammas, D.A.; Stober, C.; Harvey, C.J.; Kendrick, N.; Panchalingam, S.; Kumararatne, D.S. ATP-Induced Killing of Mycobacteria
by Human Macrophages Is Mediated by Purinergic P2Z(P2X7) Receptors. Immunity 1997, 7, 433–444. [CrossRef]

90. Kusner, D.J.; Adams, J. ATP-Induced Killing of Virulent Mycobacterium Tuberculosis Within Human Macrophages Requires
Phospholipase D. J. Immunol. 2000, 164, 379–388. [CrossRef]

91. Santos, A.A.; Rodrigues-Junior, V.; Zanin, R.F.; Borges, T.J.; Bonorino, C.; Coutinho-Silva, R.; Takyia, C.M.; Santos, D.S.; Campos,
M.M.; Morrone, F.B. Implication of Purinergic P2X7 Receptor in M. Tuberculosis Infection and Host Interaction Mechanisms: A
Mouse Model Study. Immunobiology 2013, 218, 1104–1112. [CrossRef]

92. Myers, A.J.; Eilertson, B.; Fulton, S.A.; Flynn, J.L.; Canaday, D.H. The Purinergic P2X7 Receptor Is Not Required for Control of
Pulmonary Mycobacterium Tuberculosis Infection. Infect. Immun. 2005, 73, 3192–3195. [CrossRef] [PubMed]

93. Amaral, E.P.; Ribeiro, S.C.M.; Lanes, V.R.; Almeida, F.M.; de Andrade, M.R.M.; Bomfim, C.C.B.; Salles, É.M.; Bortoluci, K.R.;
Coutinho-Silva, R.; Hirata, M.H.; et al. Pulmonary Infection with Hypervirulent Mycobacteria Reveals a Crucial Role for the P2X7
Receptor in Aggressive Forms of Tuberculosis. PLoS Pathog. 2014, 10, e1004188. [CrossRef]

94. Soares-Bezerra, R.J.; Pinho, R.T.; Bisaggio, R.d.C.; Benévolo-de-Andrade, T.C.; Alves, L.A. The Search for New Agonists to P2X7R
for Clinical Use: Tuberculosis as a Possible Target. Cell. Physiol. Biochem. 2015, 37, 409–418. [CrossRef] [PubMed]

95. Lam, A.; Prabhu, R.; Gross, C.M.; Riesenberg, L.A.; Singh, V.; Aggarwal, S. Role of apoptosis and autophagy in tuberculosis. Am.
J. Physiol. Lung Cell Mol. Physiol. 2017, 313, L218–L229. [CrossRef] [PubMed]

96. Caruso, S.; Poon, I.K.H. Apoptotic Cell-Derived Extracellular Vesicles: More Than Just Debris. Front. Immunol. 2018, 9. [CrossRef]
[PubMed]

97. Farinacci, M.; Weber, S.; Kaufmann, S.H.E. The Recombinant Tuberculosis Vaccine RBCG ∆ureC::Hly+ Induces Apoptotic Vesicles
for Improved Priming of CD4+ and CD8+ T Cells. Vaccine 2012, 30, 7608–7614. [CrossRef] [PubMed]

98. Winau, F.; Weber, S.; Sad, S.; de Diego, J.; Hoops, S.L.; Breiden, B.; Sandhoff, K.; Brinkmann, V.; Kaufmann, S.H.E.; Schaible, U.E.
Apoptotic Vesicles Crossprime CD8 T Cells and Protect against Tuberculosis. Immunity 2006, 24, 105–117. [CrossRef]

99. Schaible, U.E.; Winau, F.; Sieling, P.A.; Fischer, K.; Collins, H.L.; Hagens, K.; Modlin, R.L.; Brinkmann, V.; Kaufmann, S.H.E.
Apoptosis Facilitates Antigen Presentation to T Lymphocytes through MHC-I and CD1 in Tuberculosis. Nat. Med. 2003, 9,
1039–1046. [CrossRef]

100. Lara, R.; Adinolfi, E.; Harwood, C.A.; Philpott, M.; Barden, J.A.; Di Virgilio, F.; McNulty, S. P2X7 in Cancer: From Molecular
Mechanisms to Therapeutics. Front. Pharmacol. 2020, 11. [CrossRef] [PubMed]

101. Bu, C.; Sadtler, S.; Boldt, W.; Klapperstu, M.; Klapperstu, M.; Bu, C.; Sadtler, S. Glu 496 Ala Polymorphism of Human P2X 7
Receptor Does Not Affect Its Electrophysiological Phenotype. Am. J. Physiol. Cell Physiol. 2021, 284, 749–756. [CrossRef]

102. Gu, B.J.; Zhang, W.; Worthington, R.A.; Sluyter, R.; Dao-Ung, P.; Petrou, S.; Barden, J.A.; Wiley, J.S. A Glu-496 to Ala Polymorphism
Leads to Loss of Function of the Human P2X7 Receptor. J. Biol. Chem. 2001, 276, 11135–11142. [CrossRef] [PubMed]

103. Sluyter, R.; Shemon, A.N.; Wiley, J.S. Glu496 to Ala Polymorphism in the P2X7 Receptor Impairs ATP-Induced IL-1β Release
from Human Monocytes. J. Immunol. 2004, 172, 3399–3405. [CrossRef]

104. Saunders, B.M.; Fernando, S.L.; Sluyter, R.; Britton, W.J.; Wiley, J.S. A Loss-of-Function Polymorphism in the Human P2X7
Receptor Abolishes ATP-Mediated Killing of Mycobacteria. J. Immunol. 2003, 171, 5442–5446. [CrossRef]

105. Fernando, S.L.; Saunders, B.M.; Sluyter, R.; Skarratt, K.K.; Goldberg, H.; Marks, G.B.; Wiley, J.S.; Britton, W.J. A Polymorphism
in the P2X7 Gene Increases Susceptibility to Extrapulmonary Tuberculosis. Am. J. Respir. Crit. Care Med. 2007, 175, 360–366.
[CrossRef] [PubMed]

106. Tekin, D.; Kayaalti, Z.; Dalgic, N.; Cakir, E.; Soylemezoglu, T.; Isin Kutlubay, B.; Aydin Kilic, B. POLYMORPHISM IN THE P2X7
GENE INCREASES SUSCEPTIBILITY TO EXTRAPULMONARY TUBERCULOSIS IN TURKISH CHILDREN. Pediatr. Infect. Dis.
J. 2010, 29, 779–782. [CrossRef] [PubMed]

107. Wu, G.; Zhao, M.; Gu, X.; Yao, Y.; Liu, H.; Song, Y. The Effect of P2X7 Receptor 1513 Polymorphism on Susceptibility to
Tuberculosis: A Meta-Analysis. Infect. Genet. Evol. 2014, 24, 82–91. [CrossRef] [PubMed]

108. Shamsi, M.; Zolfaghari, M.R.; Farnia, P. Association of IFN-γ and P2X7 Receptor Gene Polymorphisms in Susceptibility to
Tuberculosis Among Iranian Patients. Acta Microbiol. Immunol. Hung. 2016, 63, 93–101. [CrossRef]

109. Sambasivan, V.; Murthy, K.J.R.; Reddy, R.; Vijayalakshimi, V.; Hasan, Q. P2X7 Gene Polymorphisms and Risk Assessment for
Pulmonary Tuberculosis in Asian Indians. Dis. Mark. 2010, 28, 43–48. [CrossRef]

110. Niño-Moreno, P.; Portales-Pérez, D.; Hernández-Castro, B.; Portales-Cervantes, L.; Flores-Meraz, V.; Baranda, L.; Gómez-Gómez,
A.; Acuña-Alonzo, V.; Granados, J.; González-Amaro, R. P2X7 and NRAMP1/SLC11 A1 Gene Polymorphisms in Mexican Mestizo
Patients with Pulmonary Tuberculosis. Clin. Exp. Immunol. 2007, 148, 469–477. [CrossRef]

111. Shafiek, H.; Shabana, A.; El-Seedy, A.; Khalil, Y. P2X7 1513A/C Loss-of-Function Polymorphism and Active Tuberculosis Disease
in a Cohort of Egyptian Population: A Pilot Study. Egypt. J. Med. Human. Genet. 2022, 23, 89. [CrossRef]

https://doi.org/10.1016/j.immuni.2020.01.014
https://doi.org/10.1128/iai.61.7.2763-2773.1993
https://doi.org/10.1016/S1074-7613(00)80364-7
https://doi.org/10.4049/jimmunol.164.1.379
https://doi.org/10.1016/j.imbio.2013.03.003
https://doi.org/10.1128/IAI.73.5.3192-3195.2005
https://www.ncbi.nlm.nih.gov/pubmed/15845532
https://doi.org/10.1371/journal.ppat.1004188
https://doi.org/10.1159/000430364
https://www.ncbi.nlm.nih.gov/pubmed/26314826
https://doi.org/10.1152/ajplung.00162.2017
https://www.ncbi.nlm.nih.gov/pubmed/28495854
https://doi.org/10.3389/fimmu.2018.01486
https://www.ncbi.nlm.nih.gov/pubmed/30002658
https://doi.org/10.1016/j.vaccine.2012.10.031
https://www.ncbi.nlm.nih.gov/pubmed/23088886
https://doi.org/10.1016/j.immuni.2005.12.001
https://doi.org/10.1038/nm906
https://doi.org/10.3389/fphar.2020.00793
https://www.ncbi.nlm.nih.gov/pubmed/32581786
https://doi.org/10.1152/ajpcell.00042.2002
https://doi.org/10.1074/jbc.M010353200
https://www.ncbi.nlm.nih.gov/pubmed/11150303
https://doi.org/10.4049/jimmunol.172.6.3399
https://doi.org/10.4049/jimmunol.171.10.5442
https://doi.org/10.1164/rccm.200607-970OC
https://www.ncbi.nlm.nih.gov/pubmed/17095747
https://doi.org/10.1097/INF.0b013e3181d9932e
https://www.ncbi.nlm.nih.gov/pubmed/20661107
https://doi.org/10.1016/j.meegid.2014.03.006
https://www.ncbi.nlm.nih.gov/pubmed/24650918
https://doi.org/10.1556/030.63.2016.1.7
https://doi.org/10.1155/2010/843729
https://doi.org/10.1111/j.1365-2249.2007.03359.x
https://doi.org/10.1186/s43042-022-00304-x


Int. J. Mol. Sci. 2024, 25, 2495 19 of 20

112. Velayati, A.A.; Farnia, P.; Farahbod, A.M.; Afraei Karahrudi, M.; Derakhshaninezhad, Z.; Kazampour, M.; Sheikhghomi, S.;
Saeif, S. Association of Receptors, Purinergic P2X7 and Tumor Necrosis Factor-Alpha Gene Polymorphisms in Susceptibility to
Tuberculosis Among Iranian Patients. Arch. Clin. Infect. Dis. 2013, 8. [CrossRef]

113. Chaudhary, A.; Singh, J.P.; Sehajpal, P.K.; Sarin, B.C. P2X7 Receptor Polymorphisms and Susceptibility to Tuberculosis in a North
Indian Punjabi Population. Int. J. Tuberc. Lung Dis. 2018, 22, 884–889. [CrossRef]

114. Wiley, J.S.; Dao-Ung, L.P.; Gu, B.J.; Sluyter, R.; Shemon, A.N.; Li, C.; Taper, J.; Gallo, J.; Manoharan, A. A Loss-of-Function
Polymorphic Mutation in the Cytolytic P2X7 Receptor Gene and Chronic Lymphocytic Leukaemia: A Molecular Study. Lancet
2002, 359, 1114–1119. [CrossRef]

115. Dardano, A.; Falzoni, S.; Caraccio, N.; Polini, A.; Tognini, S.; Solini, A.; Berti, P.; Di Virgilio, F.; Monzani, F. 1513A>C Polymorphism
in the P2X7 Receptor Gene in Patients with Papillary Thyroid Cancer: Correlation with Histological Variants and Clinical
Parameters. J. Clin. Endocrinol. Metab. 2009, 94, 695–698. [CrossRef]

116. Ghiringhelli, F.; Apetoh, L.; Tesniere, A.; Aymeric, L.; Ma, Y.; Ortiz, C.; Vermaelen, K.; Panaretakis, T.; Mignot, G.; Ullrich, E.; et al.
Activation of the NLRP3 Inflammasome in Dendritic Cells Induces IL-1β–Dependent Adaptive Immunity against Tumors. Nat.
Med. 2009, 15, 1170–1178. [CrossRef]

117. Paneesha, S.; Starczynski, J.; Pepper, C.; Delgado, J.; Hooper, L.; Fegan, C.; Pratt, G. The P2X7 Receptor Gene Polymorphism
1513 A→C Has No Effect on Clinical Prognostic Markers and Survival in Multiple Myeloma. Leuk Lymphoma 2006, 47, 281–284.
[CrossRef]

118. Le Stunff, H.; Auger, R.; Kanellopoulos, J.; Raymond, M.-N. The Pro-451 to Leu Polymorphism within the C-Terminal Tail of P2X7
Receptor Impairs Cell Death but Not Phospholipase D Activation in Murine Thymocytes. J. Biol. Chem. 2004, 279, 16918–16926.
[CrossRef] [PubMed]

119. Foerster, F.; Boegel, S.; Heck, R.; Pickert, G.; Rüssel, N.; Rosigkeit, S.; Bros, M.; Strobl, S.; Kaps, L.; Aslam, M.; et al. Enhanced
Protection of C57 BL/6 vs Balb/c Mice to Melanoma Liver Metastasis Is Mediated by NK Cells. Oncoimmunology 2018, 7.
[CrossRef] [PubMed]

120. Kastrukoff, L.F.; Lau, A.S.; Takei, F.; Smyth, M.J.; Jones, C.M.; Clarke, S.R.M.; Carbone, F.R. Redundancy in the Immune System
Restricts the Spread of HSV-1 in the Central Nervous System (CNS) of C57BL/6 Mice. Virology 2010, 400, 248–258. [CrossRef]
[PubMed]

121. Autenrieth, I.B.; Beer, M.; Hantschmann, P.; Preger, S.; Vogel, U.; Heymer, B.; Heesemann, J. The Cellular Immune Response
Against Yersinia Enterocolitica in Different Inbred Strains of Mice: Evidence for an Important Role of T Lymphocytes. Zentralblatt
Für Bakteriol. 1993, 278, 383–395. [CrossRef]

122. Gu, B.J.; Sluyter, R.; Skarratt, K.K.; Shemon, A.N.; Dao-Ung, L.-P.; Fuller, S.J.; Barden, J.A.; Clarke, A.L.; Petrou, S.; Wiley, J.S. An
Arg307 to Gln Polymorphism within the ATP-Binding Site Causes Loss of Function of the Human P2X7 Receptor. J. Biol. Chem.
2004, 279, 31287–31295. [CrossRef] [PubMed]

123. Pegoraro, A.; De Marchi, E.; Adinolfi, E. P2X7 Variants in Oncogenesis. Cells 2021, 10, 189. [CrossRef] [PubMed]
124. Benzaquen, J.; Heeke, S.; Janho dit Hreich, S.; Douguet, L.; Marquette, C.H.; Hofman, P.; Vouret-Craviari, V. Alternative Splicing

of P2RX7 Pre-Messenger RNA in Health and Diseases: Myth or Reality? Biomed. J. 2019, 42, 141–154. [CrossRef]
125. Gorodeski, G.I. P2X7 Receptors and Epithelial Cancers. Wiley Interdiscip. Rev. Membr. Transp. Signal 2012, 1, 349–371. [CrossRef]
126. Giuliani, A.L.; Colognesi, D.; Ricco, T.; Roncato, C.; Capece, M.; Amoroso, F.; Wang, Q.G.; De Marchi, E.; Gartland, A.; Di Virgilio,

F.; et al. Trophic Activity of Human P2X7 Receptor Isoforms A and B in Osteosarcoma. PLoS ONE 2014, 9, e107224. [CrossRef]
127. Carluccio, M.; Zuccarini, M.; Ziberi, S.; Giuliani, P.; Morabito, C.; Mariggiò, M.A.; Lonardo, M.T.; Adinolfi, E.; Orioli, E.; Di Iorio,

P.; et al. Involvement of P2X7 Receptors in the Osteogenic Differentiation of Mesenchymal Stromal/Stem Cells Derived from
Human Subcutaneous Adipose Tissue. Stem Cell Rev. Rep. 2019, 15, 574–589. [CrossRef] [PubMed]

128. Pegoraro, A.; Orioli, E.; De Marchi, E.; Salvestrini, V.; Milani, A.; Di Virgilio, F.; Curti, A.; Adinolfi, E. Differential Sensitivity of
Acute Myeloid Leukemia Cells to Daunorubicin Depends on P2X7A versus P2X7B Receptor Expression. Cell Death Dis. 2020, 11,
876. [CrossRef]

129. Allard, B.; Beavis, P.A.; Darcy, P.K.; Stagg, J. Immunosuppressive Activities of Adenosine in Cancer. Curr. Opin. Pharmacol. 2016,
29, 7–16. [CrossRef] [PubMed]

130. Di Virgilio, F.; Adinolfi, E. Extracellular Purines, Purinergic Receptors and Tumor Growth. Oncogene 2017, 36, 293–303. [CrossRef]
[PubMed]

131. Burnstock, G.; Di Virgilio, F. Purinergic Signalling and Cancer. Purinergic Signal 2013, 9, 491–540. [CrossRef]
132. Di Virgilio, F. Purines, Purinergic Receptors, and Cancer. Cancer Res. 2012, 72, 5441–5447. [CrossRef] [PubMed]
133. Pegoraro, A.; Bortolotti, D.; Marci, R.; Caselli, E.; Falzoni, S.; De Marchi, E.; Di Virgilio, F.; Rizzo, R.; Adinolfi, E. The P2X7

Receptor 489C>T Gain of Function Polymorphism Favors HHV-6A Infection and Associates with Female Idiopathic Infertility.
Front. Pharmacol. 2020, 11. [CrossRef]

134. Savio, L.E.B.; de Andrade Mello, P.; da Silva, C.G.; Coutinho-Silva, R. The P2X7 Receptor in Inflammatory Diseases: Angel or
Demon? Front. Pharmacol. 2018, 9. [CrossRef] [PubMed]

135. Hu, S.; Yu, F.; Ye, C.; Huang, X.; Lei, X.; Dai, Y.; Xu, H.; Wang, Y.; Yu, Y. The Presence of P2RX7 Single Nuclear Polymorphism Is
Associated with a Gain of Function in P2X7 Receptor and Inflammasome Activation in SLE Complicated with Pericarditis. Clin.
Exp. Rheumatol. 2020, 38, 442–449. [PubMed]

https://doi.org/10.5812/archcid.16087
https://doi.org/10.5588/ijtld.18.0023
https://doi.org/10.1016/S0140-6736(02)08156-4
https://doi.org/10.1210/jc.2008-1322
https://doi.org/10.1038/nm.2028
https://doi.org/10.1080/10428190500305901
https://doi.org/10.1074/jbc.M313064200
https://www.ncbi.nlm.nih.gov/pubmed/14761980
https://doi.org/10.1080/2162402X.2017.1409929
https://www.ncbi.nlm.nih.gov/pubmed/29632723
https://doi.org/10.1016/j.virol.2010.02.013
https://www.ncbi.nlm.nih.gov/pubmed/20199790
https://doi.org/10.1016/S0934-8840(11)80855-8
https://doi.org/10.1074/jbc.M313902200
https://www.ncbi.nlm.nih.gov/pubmed/15123679
https://doi.org/10.3390/cells10010189
https://www.ncbi.nlm.nih.gov/pubmed/33477845
https://doi.org/10.1016/j.bj.2019.05.007
https://doi.org/10.1002/wmts.33
https://doi.org/10.1371/journal.pone.0107224
https://doi.org/10.1007/s12015-019-09883-6
https://www.ncbi.nlm.nih.gov/pubmed/30955192
https://doi.org/10.1038/s41419-020-03058-9
https://doi.org/10.1016/j.coph.2016.04.001
https://www.ncbi.nlm.nih.gov/pubmed/27209048
https://doi.org/10.1038/onc.2016.206
https://www.ncbi.nlm.nih.gov/pubmed/27321181
https://doi.org/10.1007/s11302-013-9372-5
https://doi.org/10.1158/0008-5472.CAN-12-1600
https://www.ncbi.nlm.nih.gov/pubmed/23090120
https://doi.org/10.3389/fphar.2020.00096
https://doi.org/10.3389/fphar.2018.00052
https://www.ncbi.nlm.nih.gov/pubmed/29467654
https://www.ncbi.nlm.nih.gov/pubmed/31376246


Int. J. Mol. Sci. 2024, 25, 2495 20 of 20

136. Sanz, J.M.; Falzoni, S.; Rizzo, R.; Cipollone, F.; Zuliani, G.; Di Virgilio, F. Possible Protective Role of the 489C>T P2X7R
Polymorphism in Alzheimer’s Disease. Exp. Gerontol. 2014, 60, 117–119. [CrossRef]

137. Cao, F.; Hu, L.-Q.; Yao, S.-R.; Hu, Y.; Wang, D.-G.; Fan, Y.-G.; Pan, G.-X.; Tao, S.-S.; Zhang, Q.; Pan, H.-F.; et al. P2X7 Receptor: A
Potential Therapeutic Target for Autoimmune Diseases. Autoimmun. Rev. 2019, 18, 767–777. [CrossRef]

138. Sorge, R.E.; Trang, T.; Dorfman, R.; Smith, S.B.; Beggs, S.; Ritchie, J.; Austin, J.-S.; Zaykin, D.V.; Vander Meulen, H.; Costigan, M.;
et al. Genetically Determined P2X7 Receptor Pore Formation Regulates Variability in Chronic Pain Sensitivity. Nat. Med. 2012, 18,
595–599. [CrossRef]

139. Fara, A.; Mitrev, Z.; Rosalia, R.A.; Assas, B.M. Cytokine Storm and COVID-19: A Chronicle of pro-Inflammatory Cytokines. Open
Biol. 2020, 10. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.exger.2014.10.009
https://doi.org/10.1016/j.autrev.2019.06.009
https://doi.org/10.1038/nm.2710
https://doi.org/10.1098/rsob.200160

	Introduction 
	An Overview of the Biology and Function of the P2X7 Receptor 
	Non-Canonical P2X7R Functions: Another Perspective 
	P2X7 in Antigenic Presentation and T-Cell Activation by Dendritic Cells, an Undervalued Implication 
	P2X7 Receptor and Antigen Cross-Dressing in DCs: A New Way to Present Antigens and Activate T-Cells 
	P2X7R in Macrophages: An Indirect Effect on Antigen Presentation 
	P2X7 Receptor Loss of Function Polymorphisms Restrain the Immune Response 
	P2X7 Receptor Gain of Function Polymorphisms Increase the Immune Response 
	Concluding Remarks 
	References

