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1 | INTRODUCTION

The emergence of the new coronavirus disease 2019
(COVID-19) has become a significant global public health
issue.! The disease is caused by the recently identified severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
which belongs to the B-coronaviruses subfamily, and it is ge-
netically related to the SARS-CoV.? Since, up to date, there
is no effective vaccine or antiviral therapy, understanding the
disease pathogenic mechanism may be crucial for the identi-
fication of pharmacological targets that can be explored for
treatment strategies. The pathophysiology of SARS-CoV-2
infection has not been fully elucidated yet. However, growing
evidence indicates a robust inflammatory response induced
by viral replication as the main cause for the acute lung in-
jury, observed in more critical patients.3’4

2 | SARS-COV-2-INDUCED
INFLAMMATORY RESPONSE

Clinical observations from COVID-19 patients clearly indicate
that the infection promotes an immune dysregulation, char-
acterized by high levels of pro-inflammatory cytokines and

Coronavirus disease 2019 (COVID-19) pathogenesis remains under investigation.
Growing evidence indicates the establishment of a hyperinflammatory response,
characterized by sustained production of cytokines, such as IL-1p. The release and
maturation of this cytokine are dependent on the activation of a catalytic multipro-
tein complex, known as “inflammasome”. The most investigated is the NLRP3 in-
flammasome, which can be activated by various stimuli, such as the recognition of
extracellular ATP by the P2X7 receptor. Based on the recent literature, we present
evidence that supports the idea that the P2X7R/NLRP3 axis may be involved in the
immune dysregulation caused by the SARS-CoV-2 infection.

chemokines.>? Furthermore, the blood count shows patterns
compatible with leucopenia and lymphopenia.6’7 Histological
analysis of post-mortem biopsy samples corroborate the es-
tablishment of a hyperinflammatory state with diffuse alveolar
damage, pulmonary oedema with hyaline membrane forma-
tion, interstitial mononuclear infiltrate, presence of multinu-
cleated giant cells and pneumocyte hyperplasia.&9

Although it might still be early to speculate which exact
factors associated with SARS-CoV-2 infection triggers this
exaggerated inflammatory response in susceptible hosts,
some assumptions can be made in comparison to other re-
spiratory virus infections.'™'" After the infection of suscep-
tible epithelial cells and several replication cycles, the virus
reaches the lungs, where it will generate the most significant
immune dysfunctions defining the disease severity.12

As a result of this rapid viral replication in the lower re-
spiratory tract, there can be massive alveolar epithelial cell
(AEC) death and release of intracellular contents (known
as damage-associated molecular patterns—DAMPs) that,
together with viral products, will trigger the release of in-
flammatory mediators.'*!* These elements can cause the ac-
tivation of resident macrophages and induce a shift to a more
pro-inflammatory phenotype. Another consequence is the in-
flux of new inflammatory cells, such as blood monocytes and
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neutrophils, which can contribute to the disease's immuno-
pathogenesis.3 Furthermore, AEC type II can also contribute
to the establishment of this pro-inflammatory state by secret-
ing and responding to cytokines and chemokine.'

3 | ROLE OF P2X7 RECEPTOR
IN IMMUNE RESPONSES TO
RESPIRATORY VIRAL INFECTIONS

Amongst the various DAMPs released in the context of
tissue damage, adenosine triphosphate (ATP) acts as a po-
tent inducer of the inflammatory response, activating a set
of cell surface receptors, known as P2 receptors (P2R).'017
These receptors are classically divided into two subfamilies:
P2X ligand-gated ion channel receptors and P2Y G protein-
coupled receptors. Up to date, it has been identified seven
members of P2X subfamily (P2X1-7R) and eight members of
P2Y subfamily (P2Y1R, 2R, 4R, 6R, 11-14R)."*! Although
ATP can bind and activate several P2R, the P2X7 receptor
(P2X7R) is the most studied subtype regarding inflammatory
responses.zo’21 This receptor is widely expressed by immune
or non-immune cells and has been implicated in the patho-
genesis of several inflammatory diseases.””

P2X7 activation can result in the expression and release
of several pro-inflammatory factors.*** The main example
is the cytokines IL-1f and IL-18, two essential promoters of
acute phase responses.%25 Their expression and release are
tightly regulated and involves the activation of a multipro-
tein complex named “inflammasome”.*® The NLRP3 inflam-
masome is the best characterized subtype and the effector
of P2X7R-stimulated IL-1p secretion.”” The most accepted
mechanism for ATP-mediated NLRP3 inflammasome activa-
tion is the promotion of K* efflux.”® The P2X7/NLRP3 axis
has also been implicated in pyroptosis, an inflammatory form
of cell death dependent on caspase-1 and caspase-11 activa-
tion in mice (caspase-1, caspase-4 and caspase-5 in humans)
and characterized by osmotic lysis and release of pro-inflam-
matory intracellular content.®*° Another P2X7R-mediated
mechanism involved in inflammation is the release of mi-
croparticles (MPs) by inflammatory cells. MPs are mem-
brane-coated vesicles released from activated or dying cells
and that harbours membrane proteins, lipids from surface and
other intracellular contents.”’ These MPs can accommodate
IL-1p and are considered a major secretory pathway for this
cytokine from monocytes after P2X7R stimulation.?>*?

P2X7R-mediated NLRP3 inflammasome activation and
IL-1p release has been associated to the immune dysfunction in
viral-induced ALI/ARDS palthogetrlesis.34'36 In a study of acute
lung inflammation caused by replication-deficient adenoviral
vectors, it was demonstrated the central role of ATP signalling
through P2X7R in the regulation of inflammatory mechanisms
associated with the development of ARDS.>’ Using co-culture

experiments, it was observed that ATP released from infected
epithelial cells increased cytotoxicity and mediated production
of inflammatory cytokines, nitric oxide and reactive oxygen
species (ROS) in mouse macrophage through P2X7R activa-
tion.*” Moreover, infection of epithelial cells also induced the
release of IL-1p and IL-18 from the J774 cell line via NLRP3
activation mediated by P2X7R. In vivo experiments showed en-
hanced survival rates and reduced lung histological alterations in
P2X7R or caspase-1 KO mice or wild-type mice after treatment
with P2X7R antagonist, apyrase or caspase-1 inhibitor, corrob-
orating the hypothesis of the involvement of P2X7R/NLRP3
inflammasome axis in the dysregulated inflammatory response
caused by adenovirus infection.”’ Similar results were observed
in studies that investigated the hyperinflammatory response in-
duced by Influenza virus infection.*®*? Treatment of infected
cells with AZ11645373, a P2X7R antagonist, reduced the viral
replication in comparison with untreated cells.*® This effect
of P2X7 inhibition was also reproduced in experiments with
P2X7R-knockout (KO) mice. Reduced viral titres were detected
in the lungs of KO mice. Interestingly, this effect was related to
a better disease outcome, histological profile, and less produc-
tion of inflammatory mediators in these mice. Additionally, the
authors also observed the infiltration of activated macrophages
and lymphocytes with immunoregulatory phenotype in infected
KO mice.*® In another study, it was demonstrated that inhibition
of P2X7R with AZ11645373 and probenecid reduced IL-1f in
response to NLRP3 activation stimulated by the PB1-F2 protein
derived from pathogenic influenza A virus. Finally, treatment
with these two substances in mice infected with a high dose of
the influenza virus showed beneficial effects at different stages
of infection, reducing the effects associated with hyperinflam-
mation.” These findings suggest a protective effect of inhibi-
tion of the P2X7/NLRP3 pathway in the context of respiratory
virus infections.

4 | EVIDENCE OF THE
INVOLVEMENT OF P2X7R-
MEDIATED RESPONSES IN
COVID-19 IMMUNOPATHOGENESIS

Although the available data on COVID-19 are still incipient
to make categorical assertions about the disease pathogen-
esis, we believe it is highly plausible the hypothesis of the
involvement of P2X7R in the uncontrolled immune response
associated with SARS-CoV-2 infection®". First, it is reason-
able to assume that SARS-CoV-2, either by direct cytopathic
effects or by indirect mechanism (e.g. induction of pyropto-
sis in cells susceptible), causes extracellular ATP accumula-
tion in concentrations sufficient to activate P2X7R expressed
by cells such as AEC type I or resident macrophage. In
fact, extracellular ATP can be measured in alveolar space
in pathological conditions associated to cell death, such as
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Possible involvement of alveolar macrophages in the inflammatory response triggered by SARS-CoV-2 infection. The rapid

infection of susceptible cells can lead to sustained inflammatory response by the release of intracellular contents. The accumulation of extracellular

ATP in concentrations sufficient to activate P2X7R associated with the recognition of viral products triggers several intracellular mechanisms

that culminate with the expression of inflammatory genes, including those related to the NLRP3 inflammasome. The activation of P2X7R in

alveolar macrophages with the consequent K* efflux constitutes a potent signal for the assembly of NLRP3 inflammasome. The formation of this

multiprotein complex leads to the activation of caspase-1, which in turn cleaves pro-IL-1p and IL-18 into their bioactive forms. Alternatively,

active caspase-1 can also cleave the protein gasdermin D, inducing pyroptosis. The release of IL1-f and other cytokines and chemokines from

activated macrophages results in the activation of the endothelium and infiltration of other inflammatory cells, such as monocytes and neutrophils,

that will contribute to the amplification of the inflammatory response.

mechanical ventilation-induced lung injury, smoke-induced
lung injury and idiopathic pulmonary fibrosis.****

P2X7R is involved directly or indirectly in the production
and release of several of inflammatory factors that are found
elevated in the serum of COVID-19 patients, such as pro-in-
flammatory cytokines, chemokines and circulating mem-
brane-derived microparticles (MPs) found 5214344 Amongst
them, the cytokine IL-1p has been pointed as satisfactory
predictor of the disease prognosis.45’46 The combination of
viral products and sustained release of extracellular ATP can
trigger NLRP3 inflammasome assembly and activation and
release of IL-1p. This hypothesis can be supported by studies
that have demonstrated the ability of SARS-CoV proteins to

activate the NLRP3 inflammasome.*”* However, none of
them has investigated the involvement of the P2X7R. Taking
into account the high genetic identity between the new coro-
navirus and SARS-CoV, it is possible to expect that its con-
stituents are also able to activate the NLRP3 inflammasome.

Alveolar macrophages are probably the first immune
innate cells to recognize the increase of extracellular ATP
concentration and other PAMPs or DAMPs generated by
SARS-CoV-2 infection. In the early stages of the infection,
the activation of P2X7R on alveolar macrophage can lead to
the establishment of a more pro-inflammatory microenvi-
ronment through the assembly of the NLRP3 inflammasome
and release of IL-1f and IL-18. Moreover, the activation of
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caspase-1 in these cells can also trigger pyroptosis by the
cleavage of the protein gasdermin D (Figure 1).%°

The sustained activation of resident macrophages by the
release of DAMPs, such as ATP, can cause the influx of
other inflammatory cells, such as monocytes and neutro-
phils, which will further intensify the lung injury.51’52 Along
with activated alveolar macrophages, infiltrating monocytes
can also be another source of pro-inflammatory mediators.
In fact, depletion of circulating monocytes in experimental
models of ALI/ARDS attenuated lung injury and production
of inflammatory mediators.” In the presence of high concen-
tration of ATP and P2X7R activation, it can be expected that
these cells may release MPs containing pro-inflammatory
cytokines and other molecular mediators which can induce
apoptosis of alveolar endothelial cells and promote dysfunc-
tion in the pulmonary microvasculature, another pathological
characteristic that has been observed in patients with COVID-
19.545% 1n fact, patients infected with SARS-CoV-2 possess
higher blood levels of circulating MPs (cMPs).** Moreover,
monocyte-derived MPs may also activate the endothelium
to produce chemoattractant factors or express adhesion mol-
ecules that facilitate the attraction of more inflammatory
cells.”® Emerging evidence from clinical studies suggests
that endothelial activation and vascular dysfunction are also
central elements in the COVID-19 pathology.”**’ Therefore,
cMPs released from monocytes may also contribute to devel-
opment of vascular disorders.

Another aspect of the innate immune response to SARS-
CoV-2 infection that can be affected by the increase of
extracellular ATP in alveolar space is the activity of infil-
trating neutrophils. The accumulation of neutrophils in the
microvasculature, interstitial and alveolar compartments is
considered one of the leading causes of lung injury caused
by various aetiologies.GO At the inflammatory site, activated
neutrophils will help in the elimination of invading patho-
gens, performing functions such as phagocytosis and release
of granules containing toxic components.61 Neutrophils
can also release the so-called neutrophil extracellular traps
(NETs), web-like structures consisting of chromatin fibres,
DNA and histones.® However, these functions can also result
in collateral tissue damage. Corroborating this harmful effect
of neutrophil infiltration, it has been shown that the depletion
of polymorphonuclear neutrophils in an experimental model
of rat coronavirus infection resulted in a milder form of the
disease with lower weight loss, clinical signs, mortality and
prolonged pulmonary viral replication.63 NET release was
able to induce cell death of alveolar epithelial and endothelial
cells in murine ARDS models, including those related to viral
infections.®%6+6>

In this context, purinergic signalling can modulate sev-
eral aspects of neutrophils functions (Figure 2). It has been
shown that during migration towards a chemotactic gradient,
neutrophils release ATP that acts in an autocrine manner

activating the P2Y2R, amplifying chemotaxis signals and
controlling cell orientation.®® Extracellular ATP was also
shown to regulate late stages of neutrophil recruitment to
the lung in LPS-induced ALI models.”’ Neutrophils ex-
press P2X7R and can release IL-1p through ATP-mediated
NLRP3 inflammasome activation (Figure 2).68 Moreover, it
appears that, in certain conditions, neutrophils can also in-
duce NLRP3 inflammasome activation in macrophages in
a P2X7-dependent manner, as demonstrated in a study of
the role of NETSs in systemic lupus erythematosus.69 In this
study, it was also shown that the release of IL-1p and IL-18
increased extracellular traps in infiltrating neutrophils, which
can contribute to tissue damage.69 Finally, in the context of
ALI, ATP can stimulate the P2X7R on the surface of AEC
type I and induce the release of a soluble form of VCAM-1,
which works as a neutrophil chemoattractant, also promoting
infiltration of neutrophils (Figure 2)."° Interestingly, clinical
studies show increased blood neutrophil counts in COVID-
19 patients when compared to healthy subjects and in ICU
patients when compared to non-ICU patients.6’7’71 Moreover,
neutrophil-to-lymphocyte ratio was shown as a good early
predictor for the disease severity.72

In the late stages of the SARS-CoV-2 infection, the ex-
acerbated release of IL-1p can also shape the subsequent
adaptive immune response and further contribute to the dis-
ease immunopathogenesis. In this sense, IL-1p alone or in
synergy with other cytokines (eg IL-6 and IL.-23) can induce
the differentiation of naive CD4" T cells into pro-inflamma-
tory Tyl7 phenotype.” This cell subtype can contribute to
the aggravation of the disease by the production of cytokines,
such as IL-17, that will further promote granulopoiesis and
recruitment of more pathogenic neutrophils (Figure 3).4
The development of a Ti;17 profile (as well as Ty;1) has been
observed during the acute phase of some respiratory viruses
infections such as by pandemic Influenza A and MERS-CoV
and is associated to a more intense alveolar inflammation and
worst prognosis in ARDS.””"” Interestingly, P2X7 receptor
has also been implicated in the differentiation of Ty17 cells,
since its pharmacological inhibition resulted in decrease of
the production of these cells in an experimental model of type
I collagen-induced murine arthritis.”® Another consequence
of the establishment of a pro-inflammatory state through
P2X7R activation and release of pro-inflammatory mediators
is the suppression of T, differentiation, a T helper pheno-
type essential for the control of the inflammatory response
and restoration of the tissue homeostasis.’>""’ Furthermore,
P2X7R activation on T, cells inhibits their anti-inflamma-
tory properties, reduces their viability and favours their con-
version into the Ty 17 phenotype (Figure 3).80
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FIGURE 2 Potential role of the purinergic signalling in the activation of neutrophils against SARS-CoV-2 infection. Extracellular ATP

released from SARS-CoV-2-infected cells can modulate several functions of infiltrating neutrophils, such as chemotaxis through P2Y2 receptors.

Stimulation of P2X7 receptors could stimulate the release of a soluble form of VCAM-1 from alveolar epithelial cells type I and act as well as a

chemoattractant. Similarly, ATP-induced neutrophil P2X7R activation could also result in NLRP3 inflammasome assembly and IL-1p and IL-18

secretion, contributing more to the generation of an exacerbated inflammatory response. Finally, the accumulation of neutrophils in the infected

tissue can lead to tissue damage due to a massive and sustained release of toxic contents from its granules and so-called neutrophil extracellular

traps (NETs)

5 | CONCLUSIONS

Currently, the COVID-19 outbreak has become a major
concern in public health around the world, causing thou-
sands of confirmed cases and fatalities.®! The clinical pres-
entations are diverse, ranging from asymptomatic or mildly
symptomatic infection to acute respiratory distress syndrome
(ARDS). Some cases it may also progress rapidly with dis-
seminated intravascular coagulation (DIC), septic shock and
multiple organ dysfunction syndrome (MODS).”"8! The lack
of efficient vaccines and specific antiviral therapy has forced
several regions to take drastic measures of quarantine, social

distancing, and isolation in an attempt to stop the spreading
of the disease and prevent the collapse of health systems.
Although the exact mechanisms of pathogenesis are
still under investigation, there is a growing perception in
the literature that an exacerbated inflammatory response
is responsible for the pathological alterations observed in
critical patients. The administration of anti-inflammatory
therapy has been considered in the management of pa-
tients to avoid the exacerbation of lung injury. Based on
the cumulative knowledge of other human beta-coronavi-
rus infections and data derived from clinical studies with
COVID-19 patients, in the present work, we propose the
involvement of P2X7R/NLRP3 inflammasome pathway in
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FIGURE 3 Effect of the P2X7 receptor activation on the adaptive immune response in COVID-19. The release of ATP from dying alveolar

epithelial cells or activated macrophages can shape the adaptive immune response by stimulating pro-inflammatory lymphocyte profiles, such as

Ty17 (or Tyl cells). In addition, the activation of lymphocytes P2X7R in the presence of pro-inflammatory cytokines can suppress the generation

and decrease the viability of T, cells, which could be essential for controlling the inflammatory response in the late stage of SARS-CoV-2

infection

the immunopathogenesis of SARS-CoV-2 infection. The
evidence presented and discussed now strongly suggests
that SARS-CoV-2 infection may induce a massive release
of ATP in the alveolar microenvironment in concentrations
sufficient to activate the P2X7R. The combination of this
purinergic stimulation with the PRR-mediated recognition
of viral products can lead to the NLRP3 inflammasome ac-
tivation and release of large amounts of IL-1p. This pleio-
tropic cytokine, in turn, will shape the subsequent innate
and adaptive immune response, which may lead to harmful
inflammatory responses. Moreover, we believe this path-
way could also be related to the increased risk for patients
with comorbidities, as in the case of diabetes and hyper-
tension. P2X7R and NLRP3 inflammasome are emerging
as therapeutic targets to alleviate the harmful effects of the
inflammatory response associated with these disease.® ™

In this sense, we believe that the P2X7/NLRP3 inflam-
masome pathway offers a possibility for therapeutic in-
tervention, reducing or preventing severe lung pathology.
Evidently, it would be necessary further basic and clinical
studies to verify the effectiveness of this type of intervention
in the outcome of SARS-CoV-2 infection.

Once this hypothesis has been confirmed, some pharma-
cological tools currently available could assist in the treat-
ment of COVID-19 patients, in order to control the progress
of the inflammatory response, avoiding excessive tissue dam-
age and allowing the appropriate restoration of pulmonary

homeostasis. Two examples are the inhibitors AZ11645373
and probenecid that already have been shown beneficial ef-
fects in experimental models of ARDS induced by pandemic
Influenza HIN1.* Regarding to clinical usage of these
drugs, probenecid is already being evaluated in clinical tri-
als (phase I) about toxicity (NCT01428284, NCT03296800,
NCTO01937026) and pharmacokinetics (NCT03138759,
NCTO00000706).

Another probable advantage of using P2X7R inhibitors
for COVID-19 treatment is modulation of CD147 expres-
sion. This glycoprotein was recently identified as a second
receptor for SARS-CoV-2 invasion on host cells, becoming
a new molecular target.86’87 Pretreatment with A-438079, a
P2X7R antagonist, reduced CD147 and MMP9 expression
in phorbol 12-myristate 13-acetate (PMA)-induced macro-
phages through 5'-AMP-activated protein kinase (AMPK)
and MAPK signalling_;.88

Moreover, other strategy that has been evaluated for the
management of critically ill COVID-19 patients is the admin-
istration of the synthetic glucocorticoid dexamethasone.®
This treatment has shown positive results reducing mortal-
ity amongst patients on ventilation support (NCT04381936).
Interestingly, in a recent study, it was shown that dexametha-
sone exerted its anti-allergic effects through the suppression
of P2X7R receptor expression in peritoneal mast cells.”
Therefore, we speculate whether the potential effect of dexa-
methasone, reducing the hyperinflammatory response in
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critically ill patients, could also involve the modulation of the
P2X7R/NLRP3 inflammasome pathway.

Finally, we expect that all the information discussed
throughout this work can open new investigation avenues and
help in the elucidation of the COVID-19 pathogenesis and in
the identification of new therapeutic targets.
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