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Abstract: The discovery of the P2X7 receptor (P2X7R, originally named P2Z) in immune cells, its
cloning, and the identification of its role in a multiplicity of immune-mediated diseases raised great
hopes for the development of novel and more potent anti-inflammatory medicaments. Unfortunately,
such hopes were partially deluded by the unsatisfactory results of most early clinical trials. This
failure substantially reduced the interest of the pharmaceutical and biotech industries in the clinical
development of P2X7R-targeted therapies. However, recent findings ushered in a second life for
the P2X7R in diagnostic medicine. New P2X7R radioligands proved to be very reliable tools for the
diagnosis of neuroinflammation in preclinical and clinical studies, and detection and measurement
of free P2X7 receptor (or P2X7 subunit) in human blood suggested its potential use as a circulating
marker of inflammation. Here we provide a brief review of these novel developments.
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1. Introduction

The global anti-inflammatory drug market is steadily increasing, rising from about 99
billion USD in 2021 to over 127 billion USD in 2030, but according to some estimates, it could
amount to even 191.42 billion USD as early as 2027 (https://www.fortunebusinessinsights.
com/anti-inflammatory-drugs-market-102825, accessed on 17 April 2023; https://www.
precedenceresearch.com/anti-inflammatory-therapeutics-market, accessed on 17 April
2023). Nevertheless, anti-inflammatory drug classes, despite the large number of com-
mercial specialties, are few: non-steroid anti-inflammatory drugs (NSAIDs), steroidal
anti-inflammatory drugs (SAIDs), anti-histamine drugs, and immunosuppressants. There-
fore, there is an increasing and urgent need not just for novel drugs but, more importantly,
for novel classes of compounds targeting novel molecular targets. The cloning of the P2X7
receptor (P2X7R, at the time known as P2Z) [1], in the wake of a cogent series of in vitro
experiments showing its likely involvement in inflammation [2–5], spurred great interest
and hopes that identification of this novel target would pave the way to new, more effective
anti-inflammatory drugs. However, Phase I/II clinical trials launched by major pharmaceu-
tical companies to explore the effect of P2X7R antagonism in several chronic inflammatory
diseases (rheumatoid arthritis, inflammatory bowel disease, depression, osteoarthritis,
chronic obstructive pulmonary disease, and Crohn’s disease) produced rather disappoint-
ing results [6–9], which all together cooled down interest in P2X7R as a suitable target for
anti-inflammatory therapy. However, despite diffuse skepticism, a few biotech and pharma-
ceutical industries kept alive their interest in this receptor and persisted in the development
of P2X7R-targeting compounds (e.g., Johnson and Johnson for bipolar disorders, Evotec for
rheumatoid arthritis and other chronic inflammatory diseases, RaqualiaPharma/Asahi Ka-
sei Pharma for neuropathic pain; see https://www.pharmaceutical-technology.com/data-
insights/p2x7-antagonist-johnson-johnson-bipolar-disorder-manic-depression-likelihood-
of-approval/; https://www.alliedmarketresearch.com/p2x7-receptor-antagonists-market-
A10362; https://investor.lilly.com/news-releases/news-release-details/lilly-and-asahi-
kasei-pharma-announce-license-agreement-chronic; https://adisinsight.springer.com/
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drugs/800039286; https://www.pharmaceutical-technology.com/data-analysis/ak-1780
-what-is-the-likelihood-that-drug-will-be-approved/, accessed on 17 April 2023).

Some unconventional further indications for a P2X7R-targeted therapy have also been
proposed, for example, in the treatment of age-related retinal degeneration (AMD) (US
patent n. US 2016/0263114A1, Inflammasome Therapeutics, https://www.inflam.com/,
accessed on 17 April 2023) [10,11]. The suitability of P2X7R-targeting to treat AMD is also
under scrutiny by the Danish company Breye Therapeutics (https://breye.com/pipeline/,
accessed on 17 April 2023), and in addition, P2X7R has been proposed as a target for the
cure of diabetic retinopathy [12,13] or glaucoma [14,15]. However, to our knowledge, no
clinical trials have been started so far to investigate the efficacy of P2X7R targeting in
eye diseases.

The high expression level of P2X7R in tumors has inspired therapeutic strategies
based on the development of P2X7R-specific antibodies to be exploited in immunotherapy
of cancer. This approach is based on the original observation that some tumors express
a peculiar, non-functional variant of this receptor (referred to as “non-functional” P2X7,
nfP2X7) that might be a tumor-specific antigen susceptible to immune targeting [16,17]. An
open-label Phase I clinical trial in patients affected by basal cell carcinoma showed that
topical administration of an ointment containing sheep anti-nfP2X7 polyclonal antibodies
caused a statistically significant reduction of cancer lesions in 65% of patients [18]. Bioscep-
tre Ltd., a Cambridge (UK)-based biopharmaceutical company, is currently developing a
nfP2X7-targeted chimeric antigen receptor (CAR)-T cell therapy to treat different cancer
types (https://www.biosceptre.com/innovation/nfp2x7/, accessed on 17 April 2023).

In the meantime, novel indications for P2X7R in clinical medicine have started surfac-
ing based on the assumption that because P2X7R is highly expressed by inflammatory cells,
inflammatory lesions richly infiltrated by inflammatory cells should show increased binding
of P2X7R ligands. This hypothesis prompted the synthesis of P2X7R antagonist-based radi-
oligands for the diagnosis of neuroinflammatory and neurodegenerative diseases [19,20].
However, radiodiagnosis is not the only “second life” of the P2X7R as a target in clinical
diagnosis. As initially demonstrated by our laboratory [21] and later confirmed by Engel
and co-workers [22] and Pelegrin and co-workers [23], the P2X7R, whether as the trimeric
oligomer or as the P2X7 monomeric subunit, can be identified in the plasma or serum fractions
of human blood, where its concentration increases during infection and systemic inflammation.
This has led us and others to propose that the soluble or shed P2X7R or P2X7 subunit (sP2X7)
might be additional useful circulating biomarker of inflammation (Figure 1).
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2. The P2X7 Receptor as a Target for Positron Emission Tomography (PET)

Ever since its introduction for the diagnosis of brain pathologies, positron emission
tomography (PET) has enjoyed wide popularity, its high cost withstanding, for the ability
to image areas of the body suffering from abnormal patterns of blood flow or metabolism
or affected by inflammatory processes. Thus, this technique has become a routine radio-
diagnostic approach for the diagnosis of cancer and inflammation [24,25], as well as to
understand the neurochemical basis of psychiatric disorders [20]. The increasing reliability
of PET scans for the identification of disease areas of the body prompted the search for
suitable tissue targets that were overexpressed under different disease conditions and thus
possibly specifically and selectively bound by the radiotracers. The availability of reliable
“radio targets” can obviously provide efficient anatomical localization of disease processes
and make therapeutic approaches more specific and efficient.

The search for useful targets for PET-based diagnosis was very active in neurology
and psychiatry, aimed at identifying abnormal circulatory or metabolic patterns that might
underlie neurologic or psychiatric diseases [20]. Interestingly, often radiotracers were
developed starting from pharmacologically well-characterized drug-like compounds that
failed as therapeutics in clinical trials [20]. Not surprisingly, this is also the path that led to
the development of P2X7R-targeted radiotracers.

The first evidence that the P2X7R could be a suitable target for PET imaging was
provided by Zheng and co-workers who labeled with 11C the Glaxo GSK1482160 com-
pound [26], soon followed by Bormans and co-workers who 11C-radiolabelled the Johnson
and Johnson (J&J) JNJ-54173717 compound [27]. Several 18F-labelled antagonists were
later synthesized, e.g., [18F]-EFB, developed from the Abbott antagonist A-804598 [28], the
GSK1482160 derivative [18F]-IUR-1601 [29,30], the J&J compound [18F]-JNJ-64413739 [31],
and the Janssen compound [18F]-PTTP [32] (Table 1).

Table 1. P2X7R PET ligands tested in human studies.

Compounds Ki/IC50 Values In Vitro Models Refs.

[11C]-GSK1482160 Ki = 5.14 ± 0.85 nM HEK293-hP2X7R [26]

[11C]-SMW139 IC50 = 24.5 ± 5.5 nM 1321N1-hP2X7R [33]

[11C]-JNJ-54173717 IC50 = 4.2 nM hP2X7R [27]

[18F]-JNJ-64413739 IC50 = 1.0 nM 1321N1-hP2X7R [31]
hP2X7R, human P2X7 receptor; HEK293, human embryonic kidney cells; 1321N1, human astrocyte cell line;
HEK293-P2X7R, P2X7R-transfected HEK293 cells; 1321N1-P2X7R, P2X7R-transfected 1321N1 cells.

Fluorine-labeled derivatives are in principle better than carbon-labeled compounds
due to their longer half-lives. As of March 2023, about 24 PubMed studies, the first
published in 2015, reported the synthesis and in vitro or in vivo investigation of over
10 different radiotracers for imaging the P2X7R in the brain [34]. One of these studies
also reported an application outside the central nervous system (CNS) [32]. Of interest,
first-in-man studies have already been performed with very positive results in healthy
volunteers, Parkinson’s disease (PD), and multiple sclerosis (MS) patients, where the [11C]-
JNJ-54173717 or the [11C]-SMW139 radioligands allowed quantitative analysis of P2X7R
expression in the brain [33,35,36]. In regard to disease discrimination, no major differences
in [11C]-JNJ54173717 radiotracer uptake were observed in healthy versus PD subjects in the
study by Van Weehaeghe et al. [35], while in the study by Hagens et al. [33], [11C]-SMW139
accumulated at a higher level at sites of inflammatory lesions in patients affected by
relapsing-remitting MS. Recently, the [18F]-JNJ-64413739 radiotracer has also been applied
to epilepsy studies, showing a higher uptake in the brain and peripheral organs of kainic
acid-injected mice (to induce status epilepticus) [37]. Increased radioligand uptake was also
found in ex vivo brain slices from patients with drug-refractory temporal lobe epilepsy [37].
A caveat was raised about the possible interference with radioligand binding of the loss-
of-function P2X7 SNP rs3751143 [35]. However, given the low frequency (less than 2%)
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of this SNP in homozygosity [38], this is unlikely to significantly affect P2X7R-targeted
radioligand uptake under most clinical conditions. Thus, we may tentatively conclude that,
based on these preliminary but convergent pre-clinical and clinical studies, the P2X7R will
have a bright future in the radiodiagnosis of neuroinflammation, also due to the current
lack of fully satisfactory PET ligands.

The most commonly used target in the diagnosis of neuroinflammation has tradition-
ally been the translocator protein 18 kDa (TSPO), a protein localized to the outer mito-
chondrial membrane involved in cholesterol transport [39,40]. However, first-generation
ligands suffered from low brain uptake and high non-specific binding and were affected
by the presence of TSPO SNPs that caused large variations in binding affinity [41]. Such
drawbacks now seem to have been overcome with the introduction of second-generation
agents characterized by high affinity and selectivity, high brain uptake, and metabolic sta-
bility [20]. Recently, a novel ligand that seems to be insensitive to the major SNP affecting
radioligand binding to TSPO has also been described [42]. The rationale for using TSPO
is its association with M1 microglial cell polarization and, therefore, its overexpression at
sites of inflammation in the brain [43]. However, it should be remembered that microglia
are a very plastic cell type that can transition from one differentiation state to another in
the context of neuroinflammation and in different areas of the brain; thus, identification
of neuroinflammation exclusively based on the M1 microglia phenotype could be reduc-
tive [44]. In addition to TSPO, other targets are also being investigated for PET diagnosis:
the metabolic glutamate receptor 5, cyclooxygenase (COX)-1, COX-2, inducible nitric oxide
synthase (iNOS), colony-stimulating factor-1 (CSF1) receptor, sphingosine-1-phosphate
receptor 1 (S1PR1), the histamine H1 receptor, the histamine H3 receptor, the α7-nicotinic
acetylcholine receptor, phosphodiesterase 10A, the nociceptin/orphanin FQ peptide re-
ceptor, the synaptic vesicle protein 2A, histone deacytilases, type-1 cannabinoid receptor,
and fatty acid amide dehydrolase (see [20,41,45] for recent reviews). However, while very
promising, all these targets still suffer from numerous drawbacks that challenge their
successful adoption for the clinical diagnosis of inflammatory diseases inside or outside
the CNS.

In this regard, the development of P2X7R radioligands is in principle also useful in
anti-cancer therapy, as according to the study by Fu et al. [32], the [18F]-PTTP ligand might
be suitable to discriminate cancer (ectopic lung cell carcinoma) from inflammatory lesions
due to its lower uptake by the tumor tissue compared to an inflammatory site. Peak uptake
of [18F]-PTTP at the inflammatory site occurred about 5 min after injection of the probe
and was about twice as high as uptake recorded in the tumor tissue. In the inflammatory
site but not in the tumor, [18F]-PTTP levels declined during the following 60 min. The
authors ascribe higher radioligand uptake at inflammatory sites to the higher infiltration by
macrophages, a cell type well known to express the P2X7R at a high level, but the reason
why uptake declines during the following several minutes is not clear [32]. Independent of
the ability to discriminate tumors from inflammatory lesions, P2X7R-targeted radioligands
might well support [18F]-deoxyglucose in the diagnosis of extra-CNS inflammatory diseases,
such as atherosclerosis or cardiac amyloidosis [46].

Ideally, to be useful for the diagnosis of CNS diseases, the novel P2X7R radioligands
should have high permeability across tissues and be able to cross the blood-brain barrier.
In addition, high-affinity ligands are desirable to allow P2X7R binding in an environment,
such as the inflammatory or tumor microenvironments, experiencing high extracellular
ATP (eATP) levels [47,48]. This is especially relevant for the radioligands based on orthos-
teric antagonists, while those based on allosteric inhibitors (e.g., GSK1482160) might be
less affected by high eATP levels. Availability of P2X7R-targeted radioligands might be
beneficial for cancer therapy; in fact, although most cancers so far investigated show high
P2X7R expression levels [47,49,50], this is likely not to be true of every tumor (for example,
see [51–53]). Thus, it might be useful to devise a diagnostic technique that, based on the
level of P2X7R expression in any given tumor, is able to provide a robust indication as to
whether a P2X7R-targeted therapy is advisable. Such a technique might also be useful to
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verify the therapeutic efficacy of P2X7R-targeted antagonists, as it is anticipated that an
efficient P2X7R-targeted therapy should displace the bound radioligand or decrease its
uptake by the target tissue.

A challenge towards the development of P2X7R PET radioligands might be the ex-
pression by several cancers of the recently identified nfP2X7R, which might bind currently
available radioligands with low affinity [16,17,54]. On the same line, another relevant
issue for the translation of preclinical studies to the clinic is the different activity at the
rodent or human receptor, respectively, that some of the radioligands may exhibit [28].
Another hurdle is, in principle, the presence of P2X7R polymorphisms that may affect
P2X7R binding [55,56], but so far there is no published indication that the most common
known P2X7R SNPs may affect antagonist binding. Thus, it is fair to conclude that the
P2X7R is an appealing target for the development of novel and more specific radioligands
for the investigation of inflammation and cancer.

3. The Shed P2X7 Receptor (or P2X7 Subunit) as a Circulating Marker of Inflammation

Inflammation causes several well-known systemic changes such as fever, leukocytosis
(or sometimes leukopenia), metabolic derangements, circulatory and endocrine changes,
and the release into the circulation of various molecules referred to as “acute-phase pro-
teins”, the best known and generally used in clinical diagnosis being C-reactive protein
(CRP) [57]. However, currently used acute-phase reactants are mostly highly non-specific
as changes in their blood levels occur in responses to diverse inflammatory conditions,
both local (when intense) and systemic, with the relevant exception of pro-calcitonin (PCT),
irrespective of whether caused by pathogens (septic inflammation) or endogenous triggers
(sterile inflammation). Furthermore, although changes in concentration of acute phase
proteins also occur in association with chronic inflammation (e.g., increases in CRP during
autoimmune or autoinflammatory diseases), most relevant changes occur in association
with acute inflammation [58]. Thus, the identification of additional biomarkers of inflam-
mation would be helpful for diagnostic and therapeutic purposes. In principle, the P2X7R
is an appealing candidate due to its key role in the stimulation of the NLRP3 inflammasome
and promotion of the first phases of inflammation via the release of IL-1β and IL-18 [59,60].
Contrary to most other acute phase reactants, the P2X7R is an integral plasma membrane
protein; therefore, it is not obviously shed into the extracellular space, although there
are important precedents, e.g., soluble TNF [61], IL-1β [62], or IL-2 [63] receptors, that
have, however, never reached routine clinical diagnostic status. Scattered reports have
documented the presence of low levels of the P2X7R in the serum or plasma of healthy
subjects (average concentrations ranging from about 15 to 190 ng/L, depending on the
laboratory where the determination was carried out [21–23,64]) (Table 2).

Table 2. Shed P2X7R blood levels (ng/L).

Sources Healthy Subjects Diseased Subjects

Giuliani et al. [21] 40.97 ± 3.82 204 ± 30.94
(CRP > 3 mg/L)

Conte et al. [22] 190 ± 23.9 242 ± 39.2
(epilepsy)

Garcia-Villalba et al. [23] 8–12 200
(COVID-19)

Shed P2X7R concentration from ref. [23] was inferred from data reported in Figures 1 and 2.

Given that the P2X7R is a homo-trimeric complex and that the ELISA kit currently
available detects the individual homomer or fragments of it, it is uncertain whether the
full trimeric receptor (possibly within extracellular vesicles or microparticles, MPs) or
its individual monomers are released into circulation. Furthermore, it is still too early
to identify the optimal blood fraction (plasma or serum) for its accurate determination.
Pelegrin and coworkers [23] and Engel and coworkers [22] used plasma samples, while
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Giuliani et al. [21] tested the shed P2X7R (sP2X7R) concentration in both plasma and serum
samples without finding substantial differences between the two sources. In all these
studies, a good correlation was found between sP2X7R and CRP plasma/serum levels.
Of relevance, Giuliani et al. found a very good correlation between CRP and sP2X7R
levels in patients with brain ischemia, while the correlation was less stringent in patients
with cancer [21]. Engel and co-workers investigated the blood sP2X7R concentration in
subjects with temporal lobe epilepsy (TLE) or with psychogenic non-epileptic seizures
(PNES), finding statistically significant increased sP2X7R levels in patients with TLE versus
both healthy and PNES subjects [22]. Receiver Operating Characteristic (ROC) analysis
showed good sensitivity and specificity of sP2X7R measurements in the differentiation of
TLE subjects from both healthy and PNES subjects [22]. In their investigation of sP2X7R
blood levels, Pelegrin and co-workers correlated sP2X7R with COVID-19 progression
and with blood levels of key cytokines involved in the pathogenesis of this disease [23].
Quite interestingly, the increase in sP2X7R blood concentration correlated in a statistically
significant fashion with disease severity, with the presence of severe COVID-19 symptoms,
and with IL-18 levels.

The paucity of studies does not yet allow for reliable reference values for the sP2X7R
concentration in healthy subjects. All the groups responsible for the reported measurements
used an ELISA kit (the only one currently available) from the same manufacturer. Pelegrin
and co-workers [23] and Engel and co-workers [22] measured P2X7R levels in plasma,
while Giuliani and co-workers mainly used serum [21]. However, these latter investigators
also ran parallel determinations in plasma and serum from the very same subjects without
finding substantial differences. Thus, while the reason for the large variability reported
in healthy subjects, from about 15 to 190 ng/L, is not clear, it is also clear that better stan-
dardized analytical techniques and larger subject cohorts are needed. In addition, although
there is evidence that sP2X7R concentration in the blood may increase with age, no sys-
tematic studies have yet been carried out, nor has the effect of gender been investigated.
A further complication might be the association of sP2X7R in the blood with circulating
MPs. Several years ago, it was observed that MPs shed from human dendritic cells bear
an ATP-responsive P2X7R on the membrane [65], and more recently, we found that about
20% of immunoreactive sP2X7R in the blood was associated with the MP fraction [21]. We
think that this might be an underestimation of the actual contribution of MPs to P2X7R
blood levels since MPs are very fragile and a substantial amount might break during the
isolation procedure. Another potential factor affecting sP2X7R determination in blood is the
presence of platelets. Although some studies showed a negligible presence of the P2X7R on
human platelets [66], others, ours included, have reported a substantial level of expression
of this receptor on platelets [21,67]. This finding, depending on the level of contamination
by platelets, might bias the measurement of sP2RX7 in whole plasma. The level of contami-
nation by platelets also depends on the total blood platelet concentration, a highly variable
hematologic parameter with normal values ranging from 150 to 400 × 109/L. Interestingly,
at variance with the large variability in P2X7R levels reported in healthy subjects by the
different laboratories, average values measured in patients, whether affected by COVID-19,
epilepsy, or a miscellanea of inflammatory diseases, turn out to be very similar (Table 2).

As mentioned above, it has not been possible to verify whether the “shed P2X7R form”
is the trimeric receptor complex, the full-length protein, or a cleaved fragment since epitopes
bound by the antibodies used in the commercial kit are not known. We were unable to
identify by Western blot the P2X7 subunit in serum or plasma due to the large number
of serum/plasma proteins running in the 60–80 kDa region [21]. However, since the MP-
derived P2X7 subunit runs in denaturing PAGE with the anticipated molecular mass (e.g.,
in the 72–75 kDa range) and since it is likely that MP-associated P2X7R contributes to the
overall P2X7R blood levels, we believe that sP2X7 is most likely the whole-length protein.
This implies that, since the P2X7 subunit is an integral membrane protein, it is also likely
that MP shedding is the main route for release, as it is difficult to imagine how an integral
membrane protein could be released without being cleaved. Alternatively, a cleaved P2X7
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form could also be released into circulation, as described by Gorecki and co-workers, who
identified a 35 kDa proteolytic fragment in Bz-ATP-stimulated cells incubated either in the
presence of matrix metalloproteinase 2 (MMP-2) or under conditions that promote MMP-2
release [68]. Since MMP-2 is present and is further accumulated in the blood following
P2X7R activation by eATP (or Bz-ATP), it is possible that MP-associated P2X7R is a substrate
for MMP-2 activity, thus generating low-MW fragments. In any case, we were unable to
detect P2X7 cleavage fragments in our studies due to a lack of specific antibodies and proper
detection methods (i.e., an ELISA kit). At inflammatory sites, the contextual stimulation
by eATP of P2X7R and MMP-2 release, both due to P2X7R activation, might trigger an
auto-amplification loop ending with the accumulation of sP2X7R and cleavage fragments
thereof. Thus far, blood has been the only biological fluid in which sP2X7R has been
detected. Verification of whether, under disease conditions, this receptor also accumulates
in other fluids would be of the utmost interest for the diagnosis of localized inflammation.

4. P2X7R and COVID-19

Severely ill COVID-19 patients develop a cytokine storm syndrome causing severe
pneumonia and thrombo-inflammation, eventually causing intractable multi-organ failure
(MOF) [69]. Cytokine storms are characterized by diffuse activation of innate immune
cells (reminiscent of the macrophage-activation syndrome typical of some rheumatological
diseases [70]), exhaustion of T lymphocytes, and unrestricted release of inflammatory (but
also anti-inflammatory) cytokines. The P2X7R is the unique target of eATP, the prototypical
damage-associated molecular pattern (DAMP) released at all inflammatory or damage sites,
and a potent stimulant of cytokine release [55,71], which is in principle always activated
during infection and inflammation. Furthermore, during COVID-19, systemic conditions
are generated that are well known to facilitate P2X7R activation even at relatively low
doses of eATP, for example, hypomagnesemia [72] or accumulation in the blood of the
anti-microbial peptide LL-37 [73]. Altogether, this evidence has spurred speculation on the
participation of the P2X7R in the pathogenesis of COVID-19 [74,75].

The level of circulating sP2X7R might be a reliable and easy-to-measure readout of
the extent of P2X7R engagement during COVID-19. In fact, its activation by eATP is by
itself a powerful stimulus for receptor shedding via an MP-mediated mechanism [21]. This
mechanism has likely an important function in the overall homeostasis of the inflammatory
response because, on the one hand, it down-modulates innate immune cell responses by
removing from the plasma membrane the P2X7R as a potent stimulatory receptor (thus, for
example, inhibiting NLRP3 inflammasome activation), and on the other, it facilitates the
spreading of MP-carried pro-inflammatory factors in the circulation. Anticipations of an
important role for the P2X7R in COVID-19 pathogenesis and possibly in its diagnosis and
prognosis were confirmed by the recent investigation carried out in our and Pablo Pelegrin’s
laboratories [23,76]. Both groups showed that sP2X7R circulating levels were increased
in COVID-19 patients and correlated with disease severity. In the study by Pelegrin and
co-workers, a good correlation was found between sP2X7R, CRP, and IL-18 levels, while a
correlation between sP2X7R and PCT was found only in severely ill patients [23]. In the
study by Giuliani et al., sP2X7R showed no correlation with CRP levels but a very good
correlation with PCT [76]. A relevant finding from this latter study was the identification
of sP2X7R as the unique analyte able to predict disease outcome at hospital admission [76].
Another intriguing observation was the strong positive correlation between sP2X7R and
the anti-inflammatory cytokine IL-10. This raises the issue of whether the function of IL-10
in COVID-19 should be re-evaluated, underlying its role not just as a feed-back factor
dampening inflammation but rather as a bona-fide pro-inflammatory mediator with a
crucial function in disease spreading and amplification [76].

An ancillary relevant issue concerns the mechanism responsible for the sP2X7R release.
Pelegrin and co-workers suggested that a main mechanism for sP2X7R release was via
inflammasome activation, whether the canonical, P2X7R-stimulated NLRP3 or the P2X7R-
independent pyrine inflammasome [23]. On the contrary, we think that sP2X7R is released
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simply in response to plasma membrane expressed P2X7R stimulation since no NLRP3
priming is necessary to trigger receptor shedding in our experimental models [21,65,76].
Our conclusion is also strengthened by the dissociation between sP2X7R, NLRP3, and
IL-1β blood levels [76], which again suggests that the P2X7R is shed independently of
inflammasome activation. Of course, should this mechanism be operative in vivo, the
obvious implication is that sufficient amounts of eATP should be present in the blood.
Anecdotal reports suggest that this might be the case in COVID-19 [77,78].

5. Conclusions and Further Developments

The transition to clinics for P2X7R-targeted drugs has been disappointing. Cloning of
this fascinating molecule [1] raised great hopes, but it did not survive a test at the patient’s
bed, so enthusiasm by many major pharmaceutical companies cooled down. As is often
the case in science, as well as in drug discovery and development, projects that seemed
to be dead ends unexpectedly revealed unanticipated opportunities simply by changing
the strategy. A reinterpretation of the clinical use of the P2X7R might well fit in this case:
it might be no longer a therapeutic target (at least until we understand in more detail its
mechanistic participation in disease pathogenesis), but rather a disease marker. This new
awareness may herald a second life for the P2X7R in diagnostic medicine.

Author Contributions: All authors contributed to the conceptualization, writing, and revision of the
review. All authors have read and agreed to the published version of the manuscript.

Funding: The work described in this review was supported by grants from the Italian Association
for Cancer Research (n. IG 13025 and IG 18581), the Ministry of Education of Italy (PRIN n. 20178YT-
NWC), the Cure Alzheimer’s Fund (2022), the European H2020 office through the COST Action
CA21130 “P2X receptors as a therapeutic opportunity (PRESTO)”, and institutional funds from the
University of Ferrara.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: F.D.V. is a member of the Scientific Advisory Board of Biosceptre Ltd., a biotech
company involved in the development of anti-P2X7 antibodies, and a consultant with Axxam SpA.
The other authors declare no conflict of interest.

References
1. 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] [PubMed]
2. Di Virgilio, F.; Bronte, V.; Collavo, D.; Zanovello, P. Responses of mouse lymphocytes to extracellular adenosine 5′-triphosphate

(ATP). Lymphocytes with cytotoxic activity are resistant to the permeabilizing effects of ATP. J. Immunol. 1989, 143, 1955–1960.
[CrossRef] [PubMed]

3. Pizzo, P.; Zanovello, P.; Bronte, V.; Di Virgilio, F. Extracellular ATP causes lysis of mouse thymocytes and activates a plasma
membrane ion channel. Biochem. J. 1991, 274 Pt 1, 139–144. [CrossRef] [PubMed]

4. Zanovello, P.; Bronte, V.; Rosato, A.; Pizzo, P.; Di Virgilio, F. Responses of mouse lymphocytes to extracellular ATP. II. Extracellular
ATP causes cell type-dependent lysis and DNA fragmentation. J. Immunol. 1990, 145, 1545–1550. [CrossRef]

5. Falzoni, S.; Munerati, M.; Ferrari, D.; Spisani, S.; Moretti, S.; Di Virgilio, F. The purinergic P2Z receptor of human macrophage
cells. Characterization and possible physiological role. J. Clin. Investig. 1995, 95, 1207–1216. [CrossRef]

6. Arulkumaran, N.; Unwin, R.J.; Tam, F.W. A potential therapeutic role for P2X7 receptor (P2X7R) antagonists in the treatment of
inflammatory diseases. Expert. Opin. Investig. Drugs 2011, 20, 897–915. [CrossRef]

7. Drill, M.; Jones, N.C.; Hunn, M.; O’Brien, T.J.; Monif, M. Antagonism of the ATP-gated P2X7 receptor: A potential therapeutic
strategy for cancer. Purinergic Signal. 2021, 17, 215–227. [CrossRef]

8. Genetzakis, E.; Gilchrist, J.; Kassiou, M.; Figtree, G.A. Development and clinical translation of P2X7 receptor antagonists: A
potential therapeutic target in coronary artery disease? Pharmacol. Ther. 2022, 237, 108228. [CrossRef]

9. Young, C.N.J.; Gorecki, D.C. P2RX7 Purinoceptor as a Therapeutic Target-The Second Coming? Front. Chem. 2018, 6, 248.
[CrossRef]

https://doi.org/10.1126/science.272.5262.735
https://www.ncbi.nlm.nih.gov/pubmed/8614837
https://doi.org/10.4049/jimmunol.143.6.1955
https://www.ncbi.nlm.nih.gov/pubmed/2789252
https://doi.org/10.1042/bj2740139
https://www.ncbi.nlm.nih.gov/pubmed/1705798
https://doi.org/10.4049/jimmunol.145.5.1545
https://doi.org/10.1172/JCI117770
https://doi.org/10.1517/13543784.2011.578068
https://doi.org/10.1007/s11302-021-09776-9
https://doi.org/10.1016/j.pharmthera.2022.108228
https://doi.org/10.3389/fchem.2018.00248


Int. J. Mol. Sci. 2023, 24, 9465 9 of 11

10. Kerur, N.; Hirano, Y.; Tarallo, V.; Fowler, B.J.; Bastos-Carvalho, A.; Yasuma, T.; Yasuma, R.; Kim, Y.; Hinton, D.R.; Kirschning,
C.J.; et al. TLR-independent and P2X7-dependent signaling mediate Alu RNA-induced NLRP3 inflammasome activation in
geographic atrophy. Investig. Ophthalmol. Vis. Sci. 2013, 54, 7395–7401. [CrossRef]

11. Fowler, B.J.; Gelfand, B.D.; Kim, Y.; Kerur, N.; Tarallo, V.; Hirano, Y.; Amarnath, S.; Fowler, D.H.; Radwan, M.; Young, M.T.; et al.
Nucleoside reverse transcriptase inhibitors possess intrinsic anti-inflammatory activity. Science 2014, 346, 1000–1003. [CrossRef]
[PubMed]

12. Platania, C.B.M.; Giurdanella, G.; Di Paola, L.; Leggio, G.M.; Drago, F.; Salomone, S.; Bucolo, C. P2X7 receptor antagonism:
Implications in diabetic retinopathy. Biochem. Pharmacol. 2017, 138, 130–139. [CrossRef] [PubMed]

13. Clapp, C.; Diaz-Lezama, N.; Adan-Castro, E.; Ramirez-Hernandez, G.; Moreno-Carranza, B.; Sarti, A.C.; Falzoni, S.; Solini, A.; Di
Virgilio, F. Pharmacological blockade of the P2X7 receptor reverses retinal damage in a rat model of type 1 diabetes. Acta Diabetol.
2019, 56, 1031–1036. [CrossRef] [PubMed]

14. Resta, V.; Novelli, E.; Vozzi, G.; Scarpa, C.; Caleo, M.; Ahluwalia, A.; Solini, A.; Santini, E.; Parisi, V.; Di Virgilio, F.; et al. Acute
retinal ganglion cell injury caused by intraocular pressure spikes is mediated by endogenous extracellular ATP. Eur. J. Neurosci.
2007, 25, 2741–2754. [CrossRef]

15. Romano, G.L.; Amato, R.; Lazzara, F.; Porciatti, V.; Chou, T.H.; Drago, F.; Bucolo, C. P2X7 receptor antagonism preserves retinal
ganglion cells in glaucomatous mice. Biochem. Pharmacol. 2020, 180, 114199. [CrossRef]

16. Barden, J.A.; Sluyter, R.; Gu, B.J.; Wiley, J.S. Specific detection of non-functional human P2X(7) receptors in HEK293 cells and
B-lymphocytes. FEBS Lett. 2003, 538, 159–162. [CrossRef]

17. Slater, M.; Danieletto, S.; Gidley-Baird, A.; Teh, L.C.; Barden, J.A. Early prostate cancer detected using expression of non-functional
cytolytic P2X7 receptors. Histopathology 2004, 44, 206–215. [CrossRef]

18. Gilbert, S.M.; Gidley Baird, A.; Glazer, S.; Barden, J.A.; Glazer, A.; Teh, L.C.; King, J. A phase I clinical trial demonstrates that
nfP2X7 -targeted antibodies provide a novel, safe and tolerable topical therapy for basal cell carcinoma. Br. J. Dermatol. 2017, 177,
117–124. [CrossRef]

19. Territo, P.R.; Zarrinmayeh, H. P2X(7) Receptors in Neurodegeneration: Potential Therapeutic Applications from Basic to Clinical
Approaches. Front. Cell. Neurosci. 2021, 15, 617036. [CrossRef]

20. Lopresti, B.J.; Royse, S.K.; Mathis, C.A.; Tollefson, S.A.; Narendran, R. Beyond monoamines: I. Novel targets and radiotracers for
Positron emission tomography imaging in psychiatric disorders. J. Neurochem. 2023, 164, 364–400. [CrossRef]

21. 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, 793. [CrossRef] [PubMed]

22. Conte, G.; Menendez-Mendez, A.; Bauer, S.; El-Naggar, H.; Alves, M.; Nicke, A.; Delanty, N.; Rosenow, F.; Henshall, D.C.; Engel,
T. Circulating P2X7 Receptor Signaling Components as Diagnostic Biomarkers for Temporal Lobe Epilepsy. Cells 2021, 10, 2444.
[CrossRef] [PubMed]

23. Garcia-Villalba, J.; Hurtado-Navarro, L.; Penin-Franch, A.; Molina-Lopez, C.; Martinez-Alarcon, L.; Angosto-Bazarra, D.; Baroja-
Mazo, A.; Pelegrin, P. Soluble P2X7 Receptor Is Elevated in the Plasma of COVID-19 Patients and Correlates with Disease Severity.
Front. Immunol. 2022, 13, 894470. [CrossRef] [PubMed]

24. Love, C.; Tomas, M.B.; Tronco, G.G.; Palestro, C.J. FDG PET of infection and inflammation. Radiographics 2005, 25, 1357–1368.
[CrossRef]

25. Tsukamoto, E.; Ochi, S. PET/CT today: System and its impact on cancer diagnosis. Ann. Nucl. Med. 2006, 20, 255–267. [CrossRef]
26. Gao, M.; Wang, M.; Green, M.A.; Hutchins, G.D.; Zheng, Q.H. Synthesis of [11C]GSK1482160 as a new PET agent for targeting

P2X(7) receptor. Bioorg. Med. Chem. Lett. 2015, 25, 1965–1970. [CrossRef]
27. Ory, D.; Celen, S.; Gijsbers, R.; Van Den Haute, C.; Postnov, A.; Koole, M.; Vandeputte, C.; Andres, J.I.; Alcazar, J.; De Angelis, M.;

et al. Preclinical Evaluation of a P2X7 Receptor-Selective Radiotracer: PET Studies in a Rat Model with Local Overexpression of
the Human P2X7 Receptor and in Nonhuman Primates. J. Nucl. Med. 2016, 57, 1436–1441. [CrossRef]

28. Fantoni, E.R.; Dal Ben, D.; Falzoni, S.; Di Virgilio, F.; Lovestone, S.; Gee, A. Design, synthesis and evaluation in an LPS rodent
model of neuroinflammation of a novel 18F-labelled PET tracer targeting P2X7. EJNMMI Res. 2017, 7, 31. [CrossRef]

29. Gao, M.; Wang, M.; Glick-Wilson, B.E.; Meyer, J.A.; Peters, J.S.; Territo, P.R.; Green, M.A.; Hutchins, G.D.; Zarrinmayeh, H.; Zheng,
Q.H. Synthesis and preliminary biological evaluation of a novel P2X7R radioligand [18F]IUR-1601. Bioorg. Med. Chem. Lett. 2018,
28, 1603–1609. [CrossRef]

30. Huang, G.; Qiu, Y.; Bi, L.; Wei, H.; Li, G.; Li, Z.; Ye, P.; Yang, M.; Shen, Y.; Liu, H.; et al. PET Imaging of P2X7 Receptor (P2X7R) for
Neuroinflammation with Improved Radiosynthesis of Tracer [18F]4A in Mice and Non-human Primates. ACS Chem. Neurosci.
2022, 13, 3464–3476. [CrossRef]

31. Koole, M.; Schmidt, M.E.; Hijzen, A.; Ravenstijn, P.; Vandermeulen, C.; Van Weehaeghe, D.; Serdons, K.; Celen, S.; Bormans, G.;
Ceusters, M.; et al. 18F-JNJ-64413739, a Novel PET Ligand for the P2X7 Ion Channel: Radiation Dosimetry, Kinetic Modeling,
Test-Retest Variability, and Occupancy of the P2X7 Antagonist JNJ-54175446. J. Nucl. Med. 2019, 60, 683–690. [CrossRef] [PubMed]

32. Fu, Z.; Lin, Q.; Hu, B.; Zhang, Y.; Chen, W.; Zhu, J.; Zhao, Y.; Choi, H.S.; Shi, H.; Cheng, D. P2X7 PET Radioligand 18F-PTTP for
Differentiation of Lung Tumor from Inflammation. J. Nucl. Med. 2019, 60, 930–936. [CrossRef] [PubMed]

33. Hagens, M.H.J.; Golla, S.S.V.; Janssen, B.; Vugts, D.J.; Beaino, W.; Windhorst, A.D.; O’Brien-Brown, J.; Kassiou, M.; Schuit, R.C.;
Schwarte, L.A.; et al. The P2X(7) receptor tracer [11C]SMW139 as an in vivo marker of neuroinflammation in multiple sclerosis: A
first-in man study. Eur. J. Nucl. Med. Mol. Imaging 2020, 47, 379–389. [CrossRef] [PubMed]

https://doi.org/10.1167/iovs.13-12500
https://doi.org/10.1126/science.1261754
https://www.ncbi.nlm.nih.gov/pubmed/25414314
https://doi.org/10.1016/j.bcp.2017.05.001
https://www.ncbi.nlm.nih.gov/pubmed/28479300
https://doi.org/10.1007/s00592-019-01343-4
https://www.ncbi.nlm.nih.gov/pubmed/30982154
https://doi.org/10.1111/j.1460-9568.2007.05528.x
https://doi.org/10.1016/j.bcp.2020.114199
https://doi.org/10.1016/S0014-5793(03)00172-8
https://doi.org/10.1111/j.0309-0167.2004.01798.x
https://doi.org/10.1111/bjd.15364
https://doi.org/10.3389/fncel.2021.617036
https://doi.org/10.1111/jnc.15615
https://doi.org/10.3389/fimmu.2019.00793
https://www.ncbi.nlm.nih.gov/pubmed/31031771
https://doi.org/10.3390/cells10092444
https://www.ncbi.nlm.nih.gov/pubmed/34572093
https://doi.org/10.3389/fimmu.2022.894470
https://www.ncbi.nlm.nih.gov/pubmed/35663992
https://doi.org/10.1148/rg.255045122
https://doi.org/10.1007/BF02984642
https://doi.org/10.1016/j.bmcl.2015.03.021
https://doi.org/10.2967/jnumed.115.169995
https://doi.org/10.1186/s13550-017-0275-2
https://doi.org/10.1016/j.bmcl.2018.03.044
https://doi.org/10.1021/acschemneuro.2c00506
https://doi.org/10.2967/jnumed.118.216747
https://www.ncbi.nlm.nih.gov/pubmed/30262518
https://doi.org/10.2967/jnumed.118.222547
https://www.ncbi.nlm.nih.gov/pubmed/30655332
https://doi.org/10.1007/s00259-019-04550-x
https://www.ncbi.nlm.nih.gov/pubmed/31705174


Int. J. Mol. Sci. 2023, 24, 9465 10 of 11

34. Schmidt, S.; Isaak, A.; Junker, A. Spotlight on P2X7 Receptor PET Imaging: A Bright Target or a Failing Star? Int. J. Mol. Sci. 2023,
24, 1374. [CrossRef]

35. Van Weehaeghe, D.; Koole, M.; Schmidt, M.E.; Deman, S.; Jacobs, A.H.; Souche, E.; Serdons, K.; Sunaert, S.; Bormans, G.;
Vandenberghe, W.; et al. [11C]JNJ54173717, a novel P2X7 receptor radioligand as marker for neuroinflammation: Human
biodistribution, dosimetry, brain kinetic modelling and quantification of brain P2X7 receptors in patients with Parkinson’s disease
and healthy volunteers. Eur. J. Nucl. Med. Mol. Imaging 2019, 46, 2051–2064. [CrossRef]

36. Mertens, N.; Schmidt, M.E.; Hijzen, A.; Van Weehaeghe, D.; Ravenstijn, P.; Depre, M.; de Hoon, J.; Van Laere, K.; Koole, M.
Minimally invasive quantification of cerebral P2X7R occupancy using dynamic [18F]JNJ-64413739 PET and MRA-driven image
derived input function. Sci. Rep. 2021, 11, 16172. [CrossRef]

37. Morgan, J.; Moreno, O.; Alves, M.; Baz, Z.; Menendez Mendez, A.; Leister, H.; Melia, C.; Smith, J.; Visekruna, A.; Nicke, A.; et al.
Increased uptake of the P2X7 receptor radiotracer 18F-JNJ-64413739 in the brain and peripheral organs according to the severity
of status epilepticus in male mice. Epilepsia 2023, 64, 511–523. [CrossRef]

38. Wiley, J.S.; Sluyter, R.; Gu, B.J.; Stokes, L.; Fuller, S.J. The human P2X7 receptor and its role in innate immunity. Tissue Antigens
2011, 78, 321–332. [CrossRef]

39. Casellas, P.; Galiegue, S.; Basile, A.S. Peripheral benzodiazepine receptors and mitochondrial function. Neurochem. Int. 2002, 40,
475–486. [CrossRef]

40. Alam, M.M.; Lee, J.; Lee, S.Y. Recent Progress in the Development of TSPO PET Ligands for Neuroinflammation Imaging in
Neurological Diseases. Nucl. Med. Mol. Imaging 2017, 51, 283–296. [CrossRef]

41. Janssen, B.; Vugts, D.J.; Windhorst, A.D.; Mach, R.H. PET Imaging of Microglial Activation-Beyond Targeting TSPO. Molecules
2018, 23, 607. [CrossRef] [PubMed]

42. Ikawa, M.; Lohith, T.G.; Shrestha, S.; Telu, S.; Zoghbi, S.S.; Castellano, S.; Taliani, S.; Da Settimo, F.; Fujita, M.; Pike, V.W.; et al.
11C-ER176, a Radioligand for 18-kDa Translocator Protein, Has Adequate Sensitivity to Robustly Image All Three Affinity
Genotypes in Human Brain. J. Nucl. Med. 2017, 58, 320–325. [CrossRef] [PubMed]

43. Gritti, D.; Delvecchio, G.; Ferro, A.; Bressi, C.; Brambilla, P. Neuroinflammation in Major Depressive Disorder: A Review of PET
Imaging Studies Examining the 18-kDa Translocator Protein. J. Affect. Disord. 2021, 292, 642–651. [CrossRef] [PubMed]

44. Javanmehr, N.; Saleki, K.; Alijanizadeh, P.; Rezaei, N. Microglia dynamics in aging-related neurobehavioral and neuroinflamma-
tory diseases. J Neuroinflamm. 2022, 19, 273. [CrossRef]

45. Raval, N.R.; Wetherill, R.R.; Wiers, C.E.; Dubroff, J.G.; Hillmer, A.T. Positron Emission Tomography of Neuroimmune Responses
in Humans: Insights and Intricacies. Semin. Nucl. Med. 2023, 53, 213–229. [CrossRef]

46. Singh, S.B.; Ng, S.J.; Lau, H.C.; Khanal, K.; Bhattarai, S.; Paudyal, P.; Shrestha, B.B.; Naseer, R.; Sandhu, S.; Gokhale, S.; et al.
Emerging PET Tracers in Cardiac Molecular Imaging. Cardiol. Ther. 2023, 12, 85–99. [CrossRef] [PubMed]

47. 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]

48. Di Virgilio, F.; Vultaggio-Poma, V.; Falzoni, S.; Giuliani, A.L. Extracellular ATP: A powerful inflammatory mediator in the central
nervous system. Neuropharmacology 2023, 224, 109333. [CrossRef]

49. Grassi, F.; De Ponte Conti, B. The P2X7 Receptor in Tumor Immunity. Front. Cell. Dev. Biol. 2021, 9, 694831. [CrossRef]
50. 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, 793. [CrossRef]
51. Li, X.; Qi, X.; Zhou, L.; Fu, W.; Abdul-Karim, F.W.; Maclennan, G.; Gorodeski, G.I. P2X(7) receptor expression is decreased in

epithelial cancer cells of ectodermal, uro-genital sinus, and distal paramesonephric duct origin. Purinergic Signal. 2009, 5, 351–368.
[CrossRef]

52. Huang, S.; Chen, Y.; Wu, W.; Ouyang, N.; Chen, J.; Li, H.; Liu, X.; Su, F.; Lin, L.; Yao, Y. miR-150 promotes human breast cancer
growth and malignant behavior by targeting the pro-apoptotic purinergic P2X7 receptor. PLoS ONE 2013, 8, e80707. [CrossRef]
[PubMed]

53. Li, X.; Qi, X.; Zhou, L.; Catera, D.; Rote, N.S.; Potashkin, J.; Abdul-Karim, F.W.; Gorodeski, G.I. Decreased expression of P2X7 in
endometrial epithelial pre-cancerous and cancer cells. Gynecol. Oncol. 2007, 106, 233–243. [CrossRef] [PubMed]

54. Gilbert, S.M.; Oliphant, C.J.; Hassan, S.; Peille, A.L.; Bronsert, P.; Falzoni, S.; Di Virgilio, F.; McNulty, S.; Lara, R. ATP in the tumour
microenvironment drives expression of nfP2X7, a key mediator of cancer cell survival. Oncogene 2019, 38, 194–208. [CrossRef]
[PubMed]

55. Di Virgilio, F.; Dal Ben, D.; Sarti, A.C.; Giuliani, A.L.; Falzoni, S. The P2X7 Receptor in Infection and Inflammation. Immunity 2017,
47, 15–31. [CrossRef]

56. Sluyter, R. The P2X7 Receptor. Adv. Exp. Med. Biol. 2017, 1051, 17–53. [CrossRef]
57. Mantovani, A.; Garlanda, C. Humoral Innate Immunity and Acute-Phase Proteins. N. Engl. J. Med. 2023, 388, 439–452. [CrossRef]
58. Furman, D.; Campisi, J.; Verdin, E.; Carrera-Bastos, P.; Targ, S.; Franceschi, C.; Ferrucci, L.; Gilroy, D.W.; Fasano, A.; Miller, G.W.;

et al. Chronic inflammation in the etiology of disease across the life span. Nat. Med. 2019, 25, 1822–1832. [CrossRef]
59. Di Virgilio, F. The therapeutic potential of modifying inflammasomes and NOD-like receptors. Pharmacol. Rev. 2013, 65, 872–905.

[CrossRef]
60. Hurtado-Navarro, L.; Baroja-Mazo, A.; Pelegrin, P. Characterization of P2X7 Receptors in Human Blood Cells. Methods Mol. Biol.

2022, 2510, 279–290. [CrossRef]

https://doi.org/10.3390/ijms24021374
https://doi.org/10.1007/s00259-019-04369-6
https://doi.org/10.1038/s41598-021-95715-y
https://doi.org/10.1111/epi.17484
https://doi.org/10.1111/j.1399-0039.2011.01780.x
https://doi.org/10.1016/S0197-0186(01)00118-8
https://doi.org/10.1007/s13139-017-0475-8
https://doi.org/10.3390/molecules23030607
https://www.ncbi.nlm.nih.gov/pubmed/29518005
https://doi.org/10.2967/jnumed.116.178996
https://www.ncbi.nlm.nih.gov/pubmed/27856631
https://doi.org/10.1016/j.jad.2021.06.001
https://www.ncbi.nlm.nih.gov/pubmed/34153835
https://doi.org/10.1186/s12974-022-02637-1
https://doi.org/10.1053/j.semnuclmed.2022.08.008
https://doi.org/10.1007/s40119-022-00295-1
https://www.ncbi.nlm.nih.gov/pubmed/36593382
https://doi.org/10.1038/s41568-018-0037-0
https://doi.org/10.1016/j.neuropharm.2022.109333
https://doi.org/10.3389/fcell.2021.694831
https://doi.org/10.3389/fphar.2020.00793
https://doi.org/10.1007/s11302-009-9161-3
https://doi.org/10.1371/journal.pone.0080707
https://www.ncbi.nlm.nih.gov/pubmed/24312495
https://doi.org/10.1016/j.ygyno.2007.03.032
https://www.ncbi.nlm.nih.gov/pubmed/17482244
https://doi.org/10.1038/s41388-018-0426-6
https://www.ncbi.nlm.nih.gov/pubmed/30087439
https://doi.org/10.1016/j.immuni.2017.06.020
https://doi.org/10.1007/5584_2017_59
https://doi.org/10.1056/NEJMra2206346
https://doi.org/10.1038/s41591-019-0675-0
https://doi.org/10.1124/pr.112.006171
https://doi.org/10.1007/978-1-0716-2384-8_15


Int. J. Mol. Sci. 2023, 24, 9465 11 of 11

61. Van Zee, K.J.; Kohno, T.; Fischer, E.; Rock, C.S.; Moldawer, L.L.; Lowry, S.F. Tumor necrosis factor soluble receptors circulate
during experimental and clinical inflammation and can protect against excessive tumor necrosis factor alpha in vitro and in vivo.
Proc. Natl. Acad. Sci. USA 1992, 89, 4845–4849. [CrossRef] [PubMed]

62. Eastgate, J.A.; Symons, J.A.; Duff, G.W. Identification of an interleukin-1 beta binding protein in human plasma. FEBS Lett. 1990,
260, 213–216. [CrossRef] [PubMed]

63. Symons, J.A.; Wood, N.C.; Di Giovine, F.S.; Duff, G.W. Soluble IL-2 receptor in rheumatoid arthritis. Correlation with disease
activity, IL-1 and IL-2 inhibition. J. Immunol. 1988, 141, 2612–2618. [CrossRef] [PubMed]

64. Wong, Z.W.; Engel, T. More than a drug target: Purinergic signalling as a source for diagnostic tools in epilepsy. Neuropharmacology
2023, 222, 109303. [CrossRef]

65. Pizzirani, C.; Ferrari, D.; Chiozzi, P.; Adinolfi, E.; Sandona, D.; Savaglio, E.; Di Virgilio, F. Stimulation of P2 receptors causes
release of IL-1beta-loaded microvesicles from human dendritic cells. Blood 2007, 109, 3856–3864. [CrossRef] [PubMed]

66. Wang, L.; Ostberg, O.; Wihlborg, A.K.; Brogren, H.; Jern, S.; Erlinge, D. Quantification of ADP and ATP receptor expression in
human platelets. J. Thromb. Haemost. 2003, 1, 330–336. [CrossRef]

67. Gu, B.J.; Zhang, W.Y.; Bendall, L.J.; Chessell, I.P.; Buell, G.N.; Wiley, J.S. Expression of P2X(7) purinoceptors on human lymphocytes
and monocytes: Evidence for nonfunctional P2X(7) receptors. Am. J. Physiol. Cell Physiol. 2000, 279, C1189–C1197. [CrossRef]

68. Young, C.N.J.; Chira, N.; Rog, J.; Al-Khalidi, R.; Benard, M.; Galas, L.; Chan, P.; Vaudry, D.; Zablocki, K.; Gorecki, D.C. Sustained
activation of P2X7 induces MMP-2-evoked cleavage and functional purinoceptor inhibition. J. Mol. Cell Biol. 2018, 10, 229–242.
[CrossRef]

69. van Eijk, L.E.; Binkhorst, M.; Bourgonje, A.R.; Offringa, A.K.; Mulder, D.J.; Bos, E.M.; Kolundzic, N.; Abdulle, A.E.; van der Voort,
P.H.; Olde Rikkert, M.G.; et al. COVID-19: Immunopathology, pathophysiological mechanisms, and treatment options. J. Pathol.
2021, 254, 307–331. [CrossRef]

70. Crayne, C.B.; Albeituni, S.; Nichols, K.E.; Cron, R.Q. The Immunology of Macrophage Activation Syndrome. Front. Immunol.
2019, 10, 119. [CrossRef]

71. Di Virgilio, F.; Sarti, A.C.; Coutinho-Silva, R. Purinergic signaling, DAMPs, and inflammation. Am. J. Physiol. Cell Physiol. 2020,
318, C832–C835. [CrossRef]

72. Zhu, L.; Bao, X.; Bi, J.; Lin, Y.; Shan, C.; Fan, X.; Bian, J.; Wang, X. Serum magnesium in patients with severe acute respiratory
syndrome coronavirus 2 from Wuhan, China. Magnes. Res. 2021, 34, 103–113. [PubMed]

73. Duan, Z.; Zhang, J.; Chen, X.; Liu, M.; Zhao, H.; Jin, L.; Zhang, Z.; Luan, N.; Meng, P.; Wang, J.; et al. Role of LL-37 in thrombotic
complications in patients with COVID-19. Cell. Mol. Life Sci. 2022, 79, 309. [CrossRef]

74. Di Virgilio, F.; Tang, Y.; Sarti, A.C.; Rossato, M. A rationale for targeting the P2X7 receptor in Coronavirus disease 19 (COVID-19).
Br. J. Pharmacol. 2020, 177, 4990–4994. [CrossRef]

75. Ribeiro, D.E.; Oliveira-Giacomelli, A.; Glaser, T.; Arnaud-Sampaio, V.F.; Andrejew, R.; Dieckmann, L.; Baranova, J.; Lameu, C.;
Ratajczak, M.Z.; Ulrich, H. Hyperactivation of P2X7 receptors as a culprit of COVID-19 neuropathology. Mol. Psychiatry 2021, 26,
1044–1059. [CrossRef] [PubMed]

76. Vultaggio-Poma, V.; Sanz, J.M.; Amico, A.; Violi, A.; Ghisellini, S.; Pizzicotti, S.; Passaro, A.; Papi, A.; Libanore, M.; Di Virgilio, F.;
et al. The shed P2X7 receptor is an index of adverse clinical outcome in COVID-19 patients. Front. Immunol. 2023, 14, 1182454.
[CrossRef] [PubMed]

77. da Silva, G.B.; Manica, D.; da Silva, A.P.; Kosvoski, G.C.; Hanauer, M.; Assmann, C.E.; Simoes, J.L.B.; Pillat, M.M.; de Lara, J.D.;
Marafon, F.; et al. High levels of extracellular ATP lead to different inflammatory responses in COVID-19 patients according to
the severity. J. Mol. Med. 2022, 100, 645–663. [CrossRef]

78. Russo, C.; Raiden, S.; Algieri, S.; De Carli, N.; Davenport, C.; Sarli, M.; Bruera, M.J.; Seery, V.; Sananez, I.; Simaz, N.; et al.
Extracellular ATP and Imbalance of CD4+ T Cell Compartment in Pediatric COVID-19. Front. Cell. Infect. Microbiol. 2022, 12,
893044. [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/10.1073/pnas.89.11.4845
https://www.ncbi.nlm.nih.gov/pubmed/1317575
https://doi.org/10.1016/0014-5793(90)80106-S
https://www.ncbi.nlm.nih.gov/pubmed/2137098
https://doi.org/10.4049/jimmunol.141.8.2612
https://www.ncbi.nlm.nih.gov/pubmed/3262665
https://doi.org/10.1016/j.neuropharm.2022.109303
https://doi.org/10.1182/blood-2005-06-031377
https://www.ncbi.nlm.nih.gov/pubmed/17192399
https://doi.org/10.1046/j.1538-7836.2003.00070.x
https://doi.org/10.1152/ajpcell.2000.279.4.C1189
https://doi.org/10.1093/jmcb/mjx030
https://doi.org/10.1002/path.5642
https://doi.org/10.3389/fimmu.2019.00119
https://doi.org/10.1152/ajpcell.00053.2020
https://www.ncbi.nlm.nih.gov/pubmed/34642156
https://doi.org/10.1007/s00018-022-04309-y
https://doi.org/10.1111/bph.15138
https://doi.org/10.1038/s41380-020-00965-3
https://www.ncbi.nlm.nih.gov/pubmed/33328588
https://doi.org/10.3389/fimmu.2023.1182454
https://www.ncbi.nlm.nih.gov/pubmed/37215142
https://doi.org/10.1007/s00109-022-02185-4
https://doi.org/10.3389/fcimb.2022.893044

	Introduction 
	The P2X7 Receptor as a Target for Positron Emission Tomography (PET) 
	The Shed P2X7 Receptor (or P2X7 Subunit) as a Circulating Marker of Inflammation 
	P2X7R and COVID-19 
	Conclusions and Further Developments 
	References

