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Abstract

The P2X7 receptor (P2X7R) is a widely distributed cation channel activated by extracellular ATP (eATP) with exclusive
peculiarities with respect to other P2XRs. In recent years, P2X7R has been shown to regulate the adaptive immune response
by conditioning T cell signaling and activation as well as polarization, lineage stability, cell death, and function in tissues.
Here we revise experimental observations in this field, with a focus on adaptive immunity at mucosal sites, particularly in the
gut, where eATP is hypothesized to act in the reciprocal conditioning of the host immune system and commensal microbiota
to promote mutualism. The importance of P2X7R activity in the intestine is consistent with the transcriptional upregulation
of P2xr7 gene by retinoic acid, a metabolite playing a key role in mucosal immunity. We emphasize the function of the eATP/
P2X7R axis in controlling T follicular helper (Tth) cell in the gut-associated lymphoid tissue (GALT) and, consequently,
T-dependent secretory IgA (SIgA), with a focus on high-affinity SIgA-mediated protection from enteropathogens and shap-

ing of a beneficial microbiota for the host.
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Introduction

Extracellular ATP is a well-known damage-associated
molecular pattern (DAMP) that is released upon cell injury
at inflamed and wounded sites. It is also released upon
stimulation of pathogen recognition receptors (PRRs) by
pathogen-associated molecular patterns (PAMPs) to pro-
mote the initiation of the innate immune response. The
P2X7 receptor (P2X7R) is a nonselective cation channel
activated by eATP that is widely distributed in both innate
and adaptive immune system cells [1, 2]. Some exclusive
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peculiarities characterize P2X7R with respect to other
P2XRs. First, the concentration of eATP needed to activate
P2X7R is significantly higher than for other P2XRs [3]. Sec-
ond, prolonged exposure to eATP causes the formation of a
non-selective pore, which enables the passage of molecules
of up to 900 Da and can lead to cell death. Various forms
of P2X7R-mediated cell death have been described, among
which pyroptosis is probably the best defined from a mecha-
nistic point of view [4]. The formation of the large conduct-
ance pore mediated by P2X7R activation is dependent on the
long carboxy-terminal tail of the receptor [5]. The structure
of a rat P2X7R in both closed (apo state) and open (ATP-
bound) states generated by cryo-electron microscopy (EM)
has provided important insights on the receptor’s function;
for example, the palmitoylation of the cytoplasmic C-cys
anchor, which can prevent P2X7R desensitization, a general
feature of other P2XR subtypes. Another structural element
of P2X7R defined by cryo-EM has been the cytoplasmic
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ballast in the C-terminus, which endows the receptor with
two peculiar features: a dinuclear zinc ion complex and a
high-affinity guanosine nucleotide—binding site that could
confer unique intracellular signaling properties [6]

The activation of the NLRP3 inflammasome by K* efflux
via stimulation of P2X7R is a paradigmatic example of the
role purinergic signaling in immune cells can play in condi-
tioning tissue homeostasis. Since eATP can have detrimen-
tal effects on physiological functions of the organism, its
extracellular concentration is controlled by the activity of
ubiquitous ectonucleoside triphosphate diphosphohydrolase
1 (NTPDase-1), which hydrolyze eATP into AMP, and ecto-
5'-nucleotidase (NT5E), which generate immunosuppressive
adenosine. The mucosal immune system provides the first
line of protection at gastrointestinal, bronchopulmonary, and
genitourinary barriers and is, therefore, exposed to a num-
ber of external stimuli, including eATP and others derived
from microorganisms, which colonize these districts. A
characterizing feature of mucosal sites is a layer of epithe-
lium covered by mucus. The underlying connective tissue
contains lymphocytes, dendritic cells (DCs), macrophages,
and other cells, and secondary lymphoid structures, in which
the local adaptive immune response is generated. The organ-
ized structures in which immune cells are concentrated are
generally referred to as mucosal-associated lymphoid tissue
(MALT). The first description of purinergic signaling in con-
ditioning the adaptive immune system at a mucosal site was
provided by Atarashi et al. by showing that eATP promoted
the differentiation of intestinal Th17 cells and thereby could
deteriorate intestinal inflammation [7].

P2X7R signaling in lymphocytes

In 1989, Di Virgilio and coworkers provided the first evi-
dence of T cell responsiveness to eATP via the yet-to-be-
identified P2X7 receptor by showing increased plasma
membrane depolarization and permeability in thymocytes
by incubation with eATP. Interestingly, whereas cell death
was eventually induced by hundreds of micromolar eATP in
thymocytes, cytotoxic T lymphocytes (CTL) were resistant
to eATP-induced plasma membrane depolarization and cell
death, suggesting lack of expression of the eATP-responsive
ionotropic receptor [8]. Subsequently, Filippini et al. showed
that eATP hydrolysis during CTL activation inhibited the
cytotoxic activity, suggesting purinergic signaling could syn-
ergize with TCR activation [9]. The identification of P2X7R
paved the way to the demonstration of its contribution to
mitogenesis in human T cells [10]. P2XR signaling was
shown to promote the productive activation of mouse naive
CD4 T cells stimulated by cognate peptide/MHC antigen
via an autocrine loop mediated by ATP released through
pannexin 1 (PANX1) channels [11]. Because PANX1
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hemichannels are found physically associated with P2X7R
[12], ATP released through this pathway may reach a suffi-
ciently high local concentration to induce P2X7R activation.
Nevertheless, other P2XR isoforms, namely P2X1R and
P2XA4R, contributed to eATP-mediated signaling in naive
cells. P2XR stimulation constitutes a costimulatory signal,
which exerts positive feedback on TCR-mediated mitogen-
activated protein kinase (MAPK) activation. Analogous to
mouse T cells, the eATP-P2XR axis promotes the productive
activation of human T cells, where it contributes to Ca2*
influx and IL-2 production [13]. The function of P2X7R
in promoting pro-inflammatory T cells activation was sug-
gested in murine models of autoimmunity, where pharma-
cological antagonism of P2XRs dramatically ameliorated
inflammatory tissue damage by promoting T cell anergy
[11]. Moreover, ATP-P2X7 receptor signaling decreases the
suppressive activity and favors the conversion of T regula-
tory (Treg) lymphocytes into T helper type-17 (Th17) cells
[14].

In mouse T cells, the P2X7R can be activated also via
poly-ADP ribosylation: NAD released during tissue injury
and inflammation acts as a substrate for mono-ADP-ribo-
syltransferase (ART2) enzyme, which catalyzes the ADP-
ribosylation of P2X7R on T cells. This activation promotes
Ca** influx and shedding of CD62L, eventually leading to
opening of the plasma membrane pore and DNA fragmenta-
tion, which configure the so-called NAD-induced cell death
(NICD) [15]. NAD was specifically proposed as a regulator
of Treg cell homeostasis through the ART2-P2X7 pathway
by influencing survival, phenotype, and function [16]. In
spite of the relevance of this mechanism in mice, premature
stop codons inactivate ART2 gene transcription in humans
and chimpanzees, so ART2-mediated poly-ADP ribosylation
of P2X7R is absent in these species [17]. An important out-
come of P2X7R stimulation is the activation of membrane
matrix metalloproteinases (MMPs). The respective enzy-
matic activity results in shedding of substrate molecules,
including CD62L, CD27, and IL-6R, which can promote
naive T cell egress from secondary lymphoid organs (SLO)
[18], condition the outcome of the T cell response [19]
and signaling via IL-6R [20], respectively. In both mouse
and human B cells, P2X7R-mediated MMP activation was
shown to induce CD23 cleavage, thereby regulating the
transendothelial migration of B cells [21].

P2X7R in conditioning T cell development
and function

Thymocytes are particularly sensitive to P2X7R-mediated
cell death [22], probably as part of the thymocyte selec-
tion process. Different cytosolic Ca** responses elicited by
P2X7R stimulation characterize thymocyte development.
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This observation led to hypothesize that loss of responsive-
ness to eATP via P2X7 could protect positively selected
cells from cell death mediated by ATP released by neglected
or negatively selected CD4*8% double-positive (DP) thy-
mocytes [23]. In fact, histone deacetylase (HDAC) 3 was
shown to repress P2X7R signaling by binding to the P2rx7
enhancer, thereby likely protecting positively selected DP
cells from P2X7R-mediated cell death [24]. Other experi-
ments suggest a more selective P2X7R function during T
cell development in promoting yd T cell lineage choice. In
fact, ATP release and P2X7 signaling in ydTCR-expressing
immature thymocytes act as an important costimulus for
y0 T cell differentiation through the ERK-Egr-1d3 signal-
ing pathway and also contribute to shaping the peripheral
v0 T cell compartment. Conversely, lineage choice and dif-
ferentiation to mature CD4 or CD8 af-expressing T cells
seem not to be affected by P2X7R activity [25], made apart
sensitivity to cell death mentioned above.

P2X7R activation inhibits the suppressive function and
lineage stability of Foxp3-expressing Treg cells, which criti-
cally contribute to self-tolerance by the immune system [26].
P2X7R activity limits Foxp3 transcription and promotes
Treg cell conversion to Th17 cell. The proinflammatory
cytokine IL-6 induces ATP synthesis and ERK phospho-
rylation in Treg cell, thereby fostering autocrine signaling
by P2X7R [14]. Treg cells are also exquisitely sensitive to
P2X7R-mediated cell death [27]. The transcription factor
HIF-1a that is induced by P2X7R stimulation in various
cell types [28-30] has been shown to limit Treg versus Th17
cell differentiation by promoting the proteasomal degrada-
tion of Foxp3 [31]. An analogous P2X7R-mediated control
of HIF-1a might condition Treg cell differentiation as well
as IL-10-producing type-1 regulatory T (Trl) cell. Accord-
ingly, HIF-1a destabilizes the aryl hydrocarbon receptor
(AHR), a transcription factor that drives the late phase of
Tr1 cell differentiation [32].

T-cell dependent humoral immunity is conditioned by
P2X7R activity. Tth cell abundance is controlled by eATP/
P2X7R-mediated pyroptosis; impairment of P2X7R respon-
siveness in Tth cells unleashes B cell helper function and
generation of antibodies reactive with self-antigens that
characterize systemic lupus erythematosus (SLE) [33]. Inter-
estingly, P2X7R activation in B cells inhibits BCR-depend-
ent nuclear translocation of NF-ATcl, thereby limiting B
cell activation [34]. The mechanisms of P2X7R activity in
controlling B cell function in immunopathological condi-
tions have been less extensively investigated than in T cells
and need further investigation.

PRX7R was shown to promote mitochondrial homeostasis
and metabolic function in differentiating memory CD8* T
cell via AMP-activated protein kinase [35] and generation of
tissue-resident memory (Trm) cell by enhancing the sensitiv-
ity to TGF-p [36], thereby contributing to the establishment of

long-lived T cells in mice. Nevertheless, P2X7R signaling in
Trm cells induced cell death during infection and tissue dam-
age. Since TCR triggering in Trm cell downregulates P2X7R,
this observation suggested that sensing of eATP by P2X7R
could favor antigen-specific over bystander Trm cells in the
tissue niche [37]. Chronic exposure of CD8* T cells to high
eATP concentrations within solid tumors promotes cellular
senescence via P2X7/ROS/p38MAPK/p21 W /CiPl sionaling,
thus limiting anti-tumor cytotoxic activity [38]. Conversely,
P2X7R stimulation of tissue-resident CD8* T cells by e ATP
in the liver affected by nonalcoholic steatohepatitis (NASH)
resulted in auto-aggressive killing of cells in an MHC-class-
I-independent fashion [39]. Altogether, these data exemplify
divergent context-dependent outcomes of P2X7R activity
within different pathophysiological environments.

Regulation of P2X7R activity in intestinal
adaptive immunity by retinoic acid

The mucosal immune system consists of the GALT,
including Peyer’s patches (PPs), mesenteric lymph nodes
(MLNs), and isolated lymphoid follicles (ILFs), where the
adaptive immune response is induced, and the intestinal
epithelium and lamina propria (LP), where tissue-resident
effector cells are located. Luminal antigens are sampled
and captured by specialized epithelial microfold (M) cells
and introduced into subepithelial lymphoid follicles in the
PPs and ILFs. M cells are not antigen-presenting cells;
rather, they transfer luminal particles and antigens to DCs
for antigen presentation. They are also exploited by sev-
eral invasive pathogens as portal for systemic infection.
Interestingly, P2X7R was shown to be expressed at the
apical site of M cells, suggesting luminal eATP could have
a role in regulating the transcellular transport of intesti-
nal content across the mucosal barrier into GALT and/
or the expression of innate immune response genes by M
cells via P2X7R signaling [40]. In addition to transcytosis
via M cells, other mechanisms have been shown to allow
sampling of the intestinal luminal content independently
of organized lymphoid tissue. Extension of dendritic cell
processes in between epithelial cells enables the capture of
bacteria for direct uptake by dendritic cells [41], and gob-
let cells in the small intestine constitute passages for deliv-
ery of soluble antigens from the lumen to CD103* DCs
in the lamina propria [42]. When naive B or T cells are
activated in GALT, they are exposed to retinoic acid (RA)
produced by the DCs. This induces the expression of the
chemokine receptor CCR9, which allows homing back to
the small intestine by sensing locally produced chemokine
(C—C motif) ligand 25 (CCL25), and the integrin a4p7,
which binds to mucosal addressin cell adhesion molecule
(MAdCAM)-1 on the intestinal endothelium (Fig. 1).
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Fig.1 P2X7R mediated control of tissue resident effector T cells and
Th17 polarization in the intestine. Luminal eATP is hypothesized to
reach the intestinal lamina propria through Paneth cells, tight junc-
tions or trancytosis by M cells. In P2xr7*/* mice, RA promotes P2rx7
transcription via binding of RAR complex to an intragenic enhancer
region of P2rx7 in CD8, CD4 T and iNKT cell. P2rx7 upregula-
tion renders these cell populations susceptible to P2X7R-mediated
cell death, contributing to the regulation of T effector/memory and

The relevance of eATP/P2X7R in modulating intesti-
nal T cell immunity was originally hypothesized by Heiss
et al., who showed that intraepithelial CD8" T cells in the
small intestine expressed high levels of P2X7R and were
particularly sensitive to cell death induced by the P2X7R
agonists benzoyl-ATP (BzATP) and NAD*. This phenom-
enon was dependent on P2X7R stimulation since it was not
observed with intraepithelial CD8* T cells isolated from
P2rx7~~ mice. Conversely, CD8" T cells isolated from the
spleen and liver expressed low levels of P2X7R and were
relatively resistant to P2X7R-mediated cell death. Notably,
exposure of CD8* T cells from the spleen and peripheral
LNs to RA but not TGF-f potently upregulated P2X7R and
conferred sensitivity to extracellular nucleotides, suggest-
ing that P2X7R regulation depended on the small intes-
tinal location and/or priming in GALT. Consistent with
functional relevance of this regulatory mechanism in tis-
sue-specific T cell responsiveness, P2rx7~~ mice showed
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iNKT cells in the intestine. An eATP/P2XR axis can activate CD70
CD11 DCs, promoting Th17 polarization from naive T cells. P2X7R
signaling promotes Treg cell conversion to Th17 and also cell death,
thereby further decreasing Treg cell number. In P2rx7” mice, lack
of P2X7R activity results in increased CD8 T cell response to Lis-
teria monocytogenes. P2X7TR deletion in Treg cell is associated
with enhanced immunosuppression and protection from chemically
induced IBD. Created with BioRender

enhanced intestinal CD8" T cell responses to infection
with Listeria monocytogenes as compared to the P2X7R-
proficient counterpart [43] (Fig. 1). RA-induced P2X7R
activity is important for contraction of intestinal CD4*
effector/memory T cells as well. RA receptor o was shown
to bind and induce histone H3 acetylation on an intragenic
enhancer region of the P2rx7 gene, thereby upregulating
P2rx7 transcription and rendering CD4" T cells suscep-
tible to P2X7R-mediated cell death. In line with the idea
that P2X7R activity was important in controlling the size
of the effector/memory CD4* T cell pool, IFN-y secret-
ing Th1 and IL-17 secreting Th17 cells were significantly
increased in the small intestine of P2rx7~/~ mice at steady
state, and the increase became more pronounced upon
infection of mice with Citrobacter rodentium. Further-
more, P2X7R-mediated cell death restrained inflamma-
tory intestinal Th1 and Th17 cells and suppressed colitis.
Therefore, in addition to being a key factor in promoting
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T cell migration to the intestine, RA is important for limit-
ing the expansion of tissue-resident effector T cells in the
intestine and controlling the development of inflammatory
conditions [44].

A similar regulation of P2X7R as in effector/memory T
cells has been observed in intestinal invariant natural killer
T (iNKT) cells, which are responsive to glycolipid antigens
and important regulators of the adaptive immune response
at mucosal sites [45]. Tissue-resident iNKT cells in the
intestine expressed high levels of P2X7R, and this expres-
sion was dependent on RA. Accordingly, in vitamin A defi-
ciency, iNKT cells did not express P2X7R and were resist-
ant to P2X7R-mediated cell death, and in P2rx7~/~ mice,
iNKT cells expressing effector cytokines were significantly
increased. Therefore, P2X7R activity is important to prevent
aberrant expansion of effector cytokine-producing iNKT
cells and ensures also iNKT cell homeostasis in the intes-
tine [46] (Fig. 1).

P2XR in Th17 cell polarization

As mentioned above, eATP affects the differentiation
of Th17 effector cells from naive T cells in the LP of
the colon through the activation of a unique subset of
CD70MehCD11c!° DCs. However, whether e ATP and
P2X7R signaling were involved in this function was not
established [7] (Fig. 1). Interestingly, Yamamoto et al.
have recently hypothesized that purinergic stimulation
of this DC subset in the nasal lamina propria via P2XRs
might promote cytotoxic T cell responses secondary to the
induction of CD4* T cell differentiation to Th17 cells. The
use of the P2XR agonist afj-methylene ATP (ap-ATP) as
mucosal adjuvant in a model of cancer vaccination enhanced
the control of tumor growth by antigen-specific Th17 and
cytotoxic T cells [47]. Albeit other P2XR subtypes were
possibly involved in Th17 cell differentiation in this particu-
lar experimental model, several lines of evidence show the
function of the eATP/P2X7R axis in conditioning APCs to
T cell polarization in pathophysiological conditions, such
as in graft versus host disease (GVHD) [48], anti-cancer
immunity [49], psoriasis [50], and type-II collagen-induced
arthritis [51]. Along another line, in infection by Toxoplasma
gondii and Trichinella spiralis, P2X7R in epithelial cells has
been shown to be important in the initiation of small intesti-
nal inflammation through chemokine production and recruit-
ment of DCs to the site of infection, thereby contributing to
the development of the adaptive immune response [52]. The
pleiotropy of P2X7R in different cells of the immune system
should be considered when drawing a picture on the involve-
ment of this “ubiquitous” receptor in adaptive immunity.

P2X7R in controlling intestinal secretory IgA

Crucial in intestinal homeostasis and protection from enter-
opathogens is the generation of mucosal plasma blasts,
which produce SIg. At steady state, plasma cells in the
lamina propria secrete mainly IgA, which is bound by poly-
meric immunoglobulin receptor (pIgR) for transport across
the epithelium and mucosal secretion. Isotype class switch to
IgA in the gut can occur by a T-dependent or —independent
mechanism. SIgA binding to intestinal resident microbiota
and invading microbes plays a critical role in host microbiota
mutualism and safeguard of the organism against infection,
respectively. The intestinal homeostasis requires a delicate
balance between activation of pro-inflammatory and immu-
nosuppressive T cell subsets to ensure protection from path-
ogens and limit excessive immune activation. In this respect,
SIgA regulates the composition, luminal confinement, and
mucus colonization of the multitude of bacterial species that
constitute the microbiota, thereby controlling the interaction
of bacterial components with the local immune system. Tth
cells are instrumental in promoting SIgA affinity matura-
tion in the germinal center, and this process in GALT is
crucial for intestinal homeostasis and mucosal defense [53].
P2X7R expression in Tth cells is potently downregulated
at the transcriptional level by acute TCR stimulation. This
mechanism enables expansion of antigen-specific cells and
induction of eATP-mediated cell death of non-acutely stimu-
lated cells, thereby ensuring physiological colonization of
the intestine. P2rx7~'~ mice are characterized by Tfh cell
resistance to cell death, enhanced germinal center reaction in
PPs, high-affinity IgA secretion, and binding to commensals
resulting in reduced bacterial mucosal colonization (Fig. 2).
A consequence of this effect is the decreased absorption of
bacterial components, such as LPS. Serum LPS acts as a
“tonic” stimulator of B1 cells, and reduction of this steady
state stimulation of the immune system in P2rx7~/~ mice
results in reduction of serum IgM levels, exposing the mice
to death following sublethal polymicrobial sepsis [54].
These observations suggest that eATP-mediated activation
of P2X7R controls an important signaling pathway in shap-
ing microbiota function for immune system homeostasis.
Since eATP was able to induce cell death of Tth cells iso-
lated from human PPs, it seems plausible to hypothesize that
abrogation of microbiota-derived eATP signaling could con-
stitute a strategy to limit Tth cell death and promote high-
affinity mucosal IgA responses in humans.

This idea prompted testing whether high-affinity mucosal
SIgA could be induced by immunizing mice with an appro-
priate vector in combination with apyrase (ATP-diphospho-
hydrolase that catalyzes the sequential hydrolysis of ATP
to ADP and ADP to AMP releasing inorganic phosphate)

@ Springer
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Fig.2 Control of Tth cells abundance by P2X7R in the PPs of the
small intestine and modulation of gut microbiota by SIgA. P2X7R
limits Tth cells abundance in the PPs, and consequently plasma
cells generation and SIgA production. This mechanism ensures a
physiological shaping of the microbiota, thus promoting metabolic
homeostasis. In P2rx77" mice, Tth cell activity and GC reactions are

to sustain Tth cell’s activity. A live attenuated Salmonella
enterica serovar Thypimurium carrying an expression plas-
mid for Shigella flexneri’s periplasmic apyrase (S. TmPAPY)
that effectively hydrolyzed eATP in the ileum was generated
as a proof-of-concept vaccine against infection by virulent S.
Tm. Notably, this vaccine was significantly more effective in
inducing high-affinity SIgA capable of clumping virulent S.
Tm and neutralizing infection as well as systemic dissemi-
nation of the enteropathogen than control transformants not
expressing apyrase (S. TmPBAP28) This effect was dependent
on the abrogation of P2X7R signaling in Tth cell as P2rx-
7P2%7 mice did not show any improvement in the SigA
response or protection from the infection by vaccination with
S. TmPAPY or §. TmPBAP28 [55]. Enteric pathogens are a major
health burden in both humans and animals. Moreover, anti-
biotic resistance often complicates the therapeutic approach
to these infections underscoring the need for disease prophy-
laxis. These data indicate that apyrase can be used in mucosal
vaccination protocols to elicit protective SIgA responses.
Tfh cell plays a role in host-microbiota interaction beyond
protecting the intestinal mucosa by inducing affinity-matured
SIgA. This cell type is poised to develop into memory T cell,
and P2rx7 gene upregulation is part of the transcriptional net-
work characterizing this feature [56]. By chronically enhanc-
ing the production of species-specific SIgA, P2X7R-deficient
Tth cells promote altered intestinal colonization of individual
taxa in P2rx7” mice [57]. This effect has consequences for
systemic metabolism, which critically depends on the com-
position of the intestinal microbiota [58]. In P2rx7”" mice, the
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enhanced. The resultant increase in SIgA affects microbiota composi-
tion, glucose metabolism and fat deposition. Reduction of intestinal
eATP by apyrase enzymatic activity in mice monocolonized with E.
colip®™" results in a more diversified SIgA repertoire and altered gene
transcription in enterocytes by upregulation of genes involved in met-
abolic versus immune functions. Created with BioRender

modified microbiota dependent on enhanced Tth cell activity
and SIgA generation is responsible for altered glucose metab-
olism and abnormal sensitivity to high-fat diet. Therefore,
bacteria-derived eATP in the gut is important for establish-
ing a healthy relationship between microbiota, the adaptive
immune response, and systemic homeostasis via P2X7R [57].
The SIgA-coated microbiota in P2rx7” mice was character-
ized by the enrichment of bacteria typically residing in the
small intestine, including Lactobacillus, Enterococcus, and
Enterobacteriaceae. Lactobacillus was, by large, the most rep-
resented genus, and its richness correlated with body weight
and abundance of Tth cells in PPs. Moreover, Lactobacil-
lus species enriched in the SIgA™ fraction of the microbiota
from P2rx77 mice could mimic the metabolic alterations
observed in P2rx7”" mice once transplanted in microbiota-
depleted mice, suggesting a causal relationship of this spe-
cific SIgA response in contributing to the metabolic phenotype
of P2rx7~~ mice (Fig. 2). Nevertheless, metagenomic analysis
of the stools showed that deregulated SIgA in P2rx7~~ mice
conditioned intestinal microbial ecology beyond bacterial taxa
that were selectively targeted by SIgA, further indicating the
pervasive impact of the eATP/P2X7R axis on the physiologi-
cal regulation of microbiota composition [59].

To understand whether P2X7R activity in intestinal Tfh
cells had a function in specifically controlling the SIgA reper-
toire structure, we isolated plasma cells from the LP of mice
monocolonized with Escherichia coli transformants either
expressing apyrase (E. coliPPY") or not (E. coliP®AP?®) and
performed high-throughput sequencing of Ig V; regions. This
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analysis was particularly informative in revealing a more diver-
sified SIgA repertoire in mice colonized with E. coli*P" and,
therefore, devoid of intestinal eATP. Importantly, the enhanced
breadth of the anti-E. coli SIgA response in mice colonized
with E. coliP*PY" modified the topography of bacteria within
the mucus layer and selectively conditioned the transcriptional
activity in the epithelial component by favoring the upregu-
lation of genes involved in metabolic functions in absorp-
tive enterocytes versus genes involved in innate immunity.
Accordingly, abrogation of luminal eATP affected metabolite
absorption, body weight gain, glycemia, serum insulin, and
fat deposition (Fig. 2). All these phenomena were dependent
on the enhanced breadth of the SIgA response because the
same analyses performed in IgA-deficient mice did not show
any difference between mice monocolonized with E. coliPAP¥*
and E. coliP®AP28_ These data unravel the importance of the
complex interplay between microbiota and adaptive mucosal
immunity in conditioning systemic metabolism and the func-
tion of eATP in mediating this reciprocal control via P2X7R
[60]. SIgA amplification by apyrase could be exploited to
beneficially affect gut microbial homeostasis during environ-
mental distresses, such as in antibiotics-induced dysbiosis. In
fact, apyrase could attenuate intestinal barrier impairment and
glucose homeostasis perturbations in antibiotics-treated mice
and promoted resistance to “opportunistic” enteric infection
via SIgA [60] (Fig. 2).

P2X7R in limiting Treg cell function
in inflammatory bowel disease

Inflammatory bowel disease (IBD) regroups chronic intesti-
nal inflammatory conditions characterized by severe gastro-
intestinal symptoms, Crohn’s disease (CD), and ulcerative
colitis (UC) being the principal types. Various etiologies,
including environmental and genetic factors, dysbiosis,
impaired mucosal barrier, and intestinal immune system
dysregulation, have been implicated in the pathogenesis of
IBD. Familiar predisposition to develop either CD or UC
has been recognized since long time [61], and different fea-
tures leading to an abnormal response of the host immune
system to intestinal microbial components have been hypoth-
esized to contribute to the disease and its relapsing/remit-
ting nature. Receptors for pathogen-associated molecular
patterns (PAMPs) in innate immune system and epithelial
cells as well as the balance between proinflammatory and
immunosuppressive mechanisms of the adaptive immune
system have been connected to IBD pathogenesis [62]. The
contribution of P2X7R activity in many of these possible
mechanisms has led to considering P2X7R antagonism as a
therapeutic approach to IBD. However, in spite of encour-
aging preclinical results, a clinical trial with an orally avail-
able selective inhibitor of P2X7R did not show significant

changes in inflammatory biomarkers, albeit significant
amelioration of abdominal pain was observed [63]. A care-
ful analysis of P2X7R expression in different cell types in
the colon has shed light on some controversies on possible
targets of P2X7R blockade in IBD [64], further suggesting
cell-type specific functions conditioned by P2X7R should
be carefully considered in developing therapies involving
the receptor as a target.

In patients with CD, P2X7R expression was upregulated
in the intestinal epithelium and lamina propria; apoptosis
and proinflammatory cytokines were increased, whereas
IL-10 levels were lower than in control samples [65].
In another study, lamina propria CD4*CD25"&"Foxp3+
Treg cells in the colon or ileum of CD showed increased
apoptosis; notably, diminished apoptosis and increased
number of Treg cells characterized the mucosa of sub-
jects with disease resolution, suggesting a pathogenetic
role for impaired immunosuppression by Treg cells in
IBD [66]. The peculiar sensitivity of Treg cells to eATP/
P2X7R-mediated cell death [67] could be important in
this respect if one considers the local abundance of eATP
due to bacterial colonization. Furthermore, P2X7R was
shown to inhibit the suppressive activity of Treg cells and
to promote Treg cell conversion to Th17. Adoptive transfer
of a suboptimal number of P2X7R-deficient Treg cells in
a model of IBD protected completely from the disease,
and Treg cells did not convert to Th17 [14]. Experiments
performed with P2rx7~~ mice showed protection from
chemically induced IBD; the resistance to inflammation
was associated with increase in Treg cells in the lamina
propria, prevention of Treg cell death, and increased IL-10
production [68]. Altogether, these experiments suggest
P2X7R in Treg cells could be a possible target to control
intestinal inflammation in IBD (Fig. 1).

A note should be added on the role of P2X7R in the relation-
ship between IBD and intestinal tumorigenesis. In an azoxym-
ethane (AOM)/dextran sodium sulfate (DSS) model of colitis-
associated cancer, genetic and pharmacologic inactivation of
P2X7R, while dampening DSS-induced inflammation, resulted
in enhanced tumorigenesis [69]. This outcome due to P2X7R
insufficiency is likely related to the modulation of the inflam-
matory tumor infiltrate by P2X7R. As expected, inflammasome
activation and release of IL-1p were reduced in P2rx7~/~ mice
treated with DSS; however, a dramatic increase of Treg cells
in inflammatory and tumoral lesions was observed, suggesting
loss of P2X7R activity could promote an adaptive immunosup-
pressive microenvironment and favor tumorigenesis. Moreover,
TGEF-p, known to promote Treg cell suppressive activity, was
increased as was the infiltration of “tumor-associated neutro-
phils” [70] in colonic tumor tissue [69]. These findings indicate
cautions should be used in considering P2X7R antagonism for
dampening intestinal inflammation because of the possible
tumor-promoting function of the treatment.
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P2X7R in the lung

Although lymphocytes are scarce at steady state in the airway
and alveolar lumen, they are detected in the submucosa of bron-
chi. In infections and inflammatory conditions, they expand
consistently, eventually leading to the formation of tertiary
lymphoid structures defined as inducible bronchus-associated
lymphoid tissue (iBALT). In asthmatic subjects and experi-
mental models of asthma, eATP acutely accumulates in the
airways upon challenge with the allergen. Broad spectrum phar-
macological antagonism of P2 receptors improved all features
of asthma, including eosinophilic airway inflammation, Th2
cytokine production, and bronchial hyper-reactivity. Moreo-
ver, eATP enhanced Th2 sensitization to inhaled antigen by
recruiting and activating lung myeloid DCs that induced Th2
response in the mediastinal lymph nodes [71]. These data dem-
onstrated that eATP-mediated P2 signaling plays a fundamen-
tal role in the pathogenesis of asthmatic airway inflammation.
Pharmacological and genetic abrogation of P2X7R activity was
associated with amelioration of acute and chronic asthma; the
observation that P2X7R-deficient DC had a reduced capacity
to induce the Th2 polarization and the upregulation of P2X7R
in macrophages from bronchoalveolar fluid in patients with
chronic asthma suggest P2X7R activity could condition the
pro-asthmatic response of CD4 T cells in the pathogenesis of
this respiratory condition [72]. Notably, in children at high risk
of asthma because of viral illnesses and allergic sensitization in
early life, attenuated P2X7 function was associated with lower
asthma rates and sensitization to fewer aeroallergens [73].
Altogether, these data indicate that eATP/P2X7R axis might
condition the outcome of the adaptive immune response in the
respiratory tract.

Lung CD4 T cells were also induced by mucosal vaccination
and mediated superior cross-protection against influenza virus
variants than the immune response generated by systemic vac-
cination, highlighting their potential as a universal vaccine tar-
get [74]. P2RX7 expression characterizes a subset of lung CD4
T cells, defined T resident helper (Trh) cells, which differentiate
within the organ and colocalize with B cells in iBALT follow-
ing respiratory viral infection [75]. These cells appear impor-
tant in local antibody production; however, whether and how
P2RX7 modulates Trh cells function needs to be investigated.

Finally, eATP stimulation of P2X7R was shown to be
important in promoting iNKT cell death during hyperoxic
lung injury, a consequence of prolonged exposure to high-
oxygen concentrations of critically ill patients. In fact, hyper-
oxia causes severe tissue damage in the lung, frequently lead-
ing to the death of the patient. Pulmonary iNKT cells play a
crucial role in the development of this severe condition; by
promoting iNKT cell death, P2X7R stimulation exerts a pro-
tective function against lung injury and significantly increases
the survival in mice exposed to hyperoxia. Therefore, P2X7R

@ Springer

in iNKT cells was proposed as a target for pharmacological
intervention in hyperoxic lung injury [76].

Conclusion

The function of P2X7R in the mammalian immune system has
been intensely investigated in the last decades and attracted
experts from different fields of immunology. From the relevance
of extracellular ATP as DAMP and involvement of P2X7R in
NLRP3 inflammasome formation and inflammatory caspase-1
activation in innate immune cells, more recent work has focused
on P2X7R activity in adaptive immunity. In particular, the func-
tion of P2X7R stimulation in controlling T cell polarization,
metabolism, memory formation, tissue residency, and sus-
ceptibility to cell death has been intensively investigated. The
ubiquitous nature of ATP as signaling molecule in all kingdoms
of life led us to hypothesize that it could act at the interface
between mammalian hosts and microbiota by conditioning the
mucosal-adaptive immune response via P2X7R and promot-
ing host microbiota mutualism. Overall, the insights provided
by the preclinical research targeting P2X7R within the adap-
tive immune system in different pathophysiological conditions
should foster the interest of clinical researchers in this field and
also lead to repurposing existing drugs for novel indications.
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