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Abstract

The global SARS-CoV-2 pandemic starting in 2019 has already reached more than 2.3 million deaths. Despite the scientific
community’s efforts to investigate the COVID-19 disease, a drug for effectively treating or curing patients yet needs to be
discovered. Hematopoietic stem cells (HSC) differentiating into immune cells for defense express COVID-19 entry receptors,
and COVID-19 infection hinders their differentiation. The importance of purinergic signaling in HSC differentiation and innate
immunity has been recognized. The metabotropic P2Y 14 receptor subtype, activated by UDP-glucose, controls HSC differen-
tiation and mobilization. Thereon, the exacerbated activation of blood immune cells amplifies the inflammatory state observed in
COVID-19 patients, specially through the continuous release of reactive oxygen species and extracellular neutrophil traps
(NETs). Further, the P2Y14 subtype, robustly inhibits the infiltration of neutrophils into various epithelial tissues, including
lungs and kidneys. Here we discuss findings suggesting that antagonism of the P2Y 14 receptor could prevent the progression of
COVID-19-induced systemic inflammation, which often leads to severe illness and death cases. Considering the modulation of
neutrophil recruitment of extreme relevance for respiratory distress and lung failure prevention, we propose that P2Y 14 receptor
inhibition by its selective antagonist PPTN could limit neutrophil recruitment and NETosis, hence limiting excessive formation
of oxygen reactive species and proteolytic activation of the kallikrein-kinin system and subsequent bradykinin storm in the
alveolar septa of COVID-19 patients.
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Introduction between 2-3 %. Since its first reported appearance, COVID-
19 — the infectious disease caused by SARS-CoV-2 — resulted
in over 2.3 million deaths (WHO Coronavirus disease situa-

tion reports accessed on February 10, 2021). Disease

The recently discovered SARS-CoV-2 virus has caused a
global pandemic with rapid spread, reaching a mortality rate
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symptoms present a wide spectrum, from asymptomatic pa-
tients to multi-organ failure and death. While most cases are
moderate, severe cases display fast progression to pneumonia,
acute respiratory distress syndrome (ARDS)
and coagulopathy, among other clinical manifestations [1].
Inflammatory responses during SARS-CoV-2 infection have
determinant roles on disease severity. The virus infects type II
pneumocytes of the alveolar epithelium by binding the Spike
protein, expressed on the virus surface, to the host cell recep-
tor angiotensin-converting enzyme 2 (ACE2).

Hematopoietic stem cells (HSC) differentiate into immune
cells, which provide defense against viral infections [2].
Importantly, recent studies suggest that elderly patients may be-
come more susceptible to SARS-CoV-2 infection due to muta-
tions accumulated in HSC during life, that compromise normal
HSC proliferation, mobilization and differentiation [3, 4].
Genetically modified HSC giving rise to blood cells with altered
characteristics denotes the concept of clonal hematopoiesis.
Thus, this phenomenon may lead to proinflammatory profiles
that correlate to an increased risk of severe diseases [5]. HSC
may also provide a pool for SARS-CoV-2 infection. Ropa and
collaborators [2] showed that HSC express the ACE2 and present
impaired self-renewal in the presence of SARS-CoV-2. Infected
HSC may be eliminated by immune cells, diminishing the stem
cell pool and/or raising the immune response against viral infec-
tion. In line with SARS-CoV-2 infection influence on HSC bi-
ology, other stem cells, such as neural and lung epithelial stem
cells, express ACE2 and may also be infected. In this regard,
interference of COVID-19 has been proposed to contribute to
neurological and respiratory symptoms’ manifestation [6, 7].

SARS-CoV-2 spike protein/ACE2 interaction may induce
hyperactivation of the Nlrp3 inflammasome, being the culprit
of the “cytokine storm”, and pyroptotic damage of HSC [8, 9].
Hyperactivation of the Nlrp3 inflammasome leads to cellular
release of several mediators, such as cytokines IL-1(3 and IL-
18, and danger-associated molecular pattern molecules
(DAMPs) from leaky cells, including mediators of purinergic
signaling, as for example extracellular ATP and UDP-glucose
[10]. This step initiates expression upregulation of other proin-
flammatory cytokines, such as TNF-&, INF-y, IL-6 and IL-8,
as well as activation of complement and coagulation cascades
[9]. The consequence is an immune response consisting of neu-
trophil infiltration into the lung tissue. The extent of this infil-
tration contributes to the cytokine storm event, which is fre-
quently considered the initiating cause for severe and fatal
COVID-19 cases [11]. Whole blood transcriptome profiling
of COVID-19 patients revealed peak levels for most cytokines,
except for IL-1, after respiratory function nadir. In view of that,
the cytokine storm might not be the primary cause of impaired
respiratory function, but its consequence [12]. Such hypothesis
is supported by data showing Nlrp3 inflammasome promotion
of lung inflammation, mainly through IL-1{ production by
recruited dormant neutrophils [13].
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Purinergic signaling controls many cellular processes, in-
cluding proliferation, differentiation and cell death. Purinergic
receptors are divided into adenosine-activated P1 and ATP-
and other extracellular nucleotide-activated P2 receptors. P2
receptors are further classified into P2X 1-P2X 7 ionotropic
and P2Y1,2,4,6,11,12 and 14 G-protein-coupled metabotropic
receptors. Regulation of P1 and P2 receptor activity occurs
through ectonucleotidases, which degrade ATP into adeno-
sine. Adenosine is further inactivated into inosine by adeno-
sine deaminase (see [14] for a complete review on the
purinergic signaling system). Purinergic receptors participate
in development, stem cell differentiation and tissue repair
[15]. Lately, special attention has been given to purinergic
receptors in regulating hematopoiesis, such as promotion of
diurnal HSC liberation into the peripheral blood [16].
Purinergic signaling is essential for priming danger signals,
which are translated through HSC signals into proinflamma-
tory signals. For this, purinergic mobilization of the HSC
niches occurs in response to the pro-mobilization granulocyte
colony-stimulating factor (G-CSF) [17]. The P2X 7 receptor
expressed on hematopoietic progenitor cells becomes activat-
ed, secreting more ATP and immune mediators including
TNF-o, IFN-¢ and IFN-y [18]. This receptor is largely in-
volved in innate immunity and inflammasome activation, as
previously reviewed [16, 18]. Further purinergic receptors
expressed by HSC include the P2Y 14 receptor (P2Y14R)
[19, 20], whose activation might enhance immune cell mobi-
lization following SARS-CoV-2 infection. The P2Y14R de-
fines distinct lineages of HSC (P2Y 14" Lin™ vs. P2Y 14" Sca-
17) with different population capabilities [20]. These features
may be important for the understanding of how P2Y14R ac-
tion on HSC differentiation and mobilization contributes to
neutrophil recruitment and activation defining severe
COVID-19 pathology.

Neutrophils in COVID-19

Neutrophils, the most abundant type of granulocytes, are es-
sential short-living cells (612 hours) of the innate immune
system. Thus, they are produced from HSC at a rate of ap-
proximately 10 billion cells a day [21]. Neutrophil production
and elimination must be strictly regulated, since low levels of
neutrophils (neutropenia) result in recurrent infection and sys-
temic inflammation, while high levels of neutrophils
(neutrophilia) also lead to an inflammatory state, due to cyto-
toxic damage of the healthy tissue [22]. COVID-19 cohort
studies reported high levels of neutrophils and sustained low
levels of lymphocyte counts in patients, leading to a high
neutrophil-to-lymphocyte ratio (NLR), which is predictive
for severe illness in the early stage of SARS-CoV-
2 infection [23]. Lung autopsies of deceased patients
displayed neutrophil infiltration into pulmonary capillaries,
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with extravasation into the alveolar area and neutrophilic mu-
cositis. Interestingly, neutrophils are less reactive and adherent
in children, which in fact develop less severe forms of
COVID-19 [24]. It has been hypothesized that reactive oxy-
gen species (ROS) produced by neutrophil activation would
result in a cascade of biological events culminating in
COVID-19 severity [25]. The overwhelming production of
ROS can result in the release of neutrophil extracellular traps
(NETs), web-like structures composed of chromatin contain-
ing neutrophil granule proteins, that traps, neutralizes and kills
bacteria, fungi and viruses [26]. The formation of NETs pri-
marily occurs through a neutrophil death process named
NETosis, and if overproduced, becomes highly cytotoxic
and can directly kill epithelial and endothelial cells, contribut-
ing to several pathophysiological conditions, like thrombosis,
asthma, cystic fibrosis and sepsis [27]. NET-induced
necroinflammation plays a central role in cytokine storm de-
velopment, release of complement proteins, thrombo-
inflammation and multi-organ failure in COVID-19 [28].
Therefore, neutrophilia attenuation is a powerful strategy for
prevention of dangerous COVID-19 progression.

Purinergic Signaling in COVID-19

Purinergic receptors have raised interest as novel targets for
COVID-19 treatment [29], as they participate in the regulation
of the innate immune system and platelet function, which are
highly relevant for hemostasis, thrombosis and inflammatory
processes, playing central roles in COVID-19 disease [30].
The literature remains scarce regarding COVID-19 and
purinergic signaling, although a few hypotheses were raised
recently. P2X7 receptor inhibition has been proposed for cy-
tokine release attenuation in severe pneumonia cases in
COVID-19 patients, due to its central role in inflammation
and Nlrp3 inflammasome stimulation [31], including the neu-
roinflammation causing neurological disorders [32]. As men-
tioned above, the Nlrp3 inflammasome may be directly acti-
vated in target cells, like HSC and epithelial progenitor cells,
following SARS-CoV-2 Spike protein binding to ACE2 [8].
Activation of the Nlrp3 inflammasome also promotes the re-
lease of purinergic signaling mediators, such as extracellular
ATP (eATP), activating the P2X7 and other purinergic recep-
tors. Moreover, the A, 5 receptor that binds extracellular aden-
osine (eAdo) may also be important for cell defense mecha-
nisms against COVID-19 [33]. Inhibition of interferon type I
(IFN-1) production is a classical strategy that several viruses
use to neutralize innate immunity response. eATP plays a
crucial role in IFN-1 signaling, although continuous eATP
hydrolysis by ectonucleotidases, such as CD73 and CD39,
that process eATP to its metabolite eAdo, may turn the host
cell more vulnerable. To explain this, eATP commonly pro-
motes immune response activation and inflammation, while

eAdo suppresses immune responses and induces anti-
inflammatory effects. Suppression of A, 5 receptors could pre-
serve extracellular eATP levels, which in turn would favor
IFN-1 signaling [33]. Moreover, the ectonucleotidase CD73,
that together with CD39 is known as ‘immune checkpoint
mediators’, had a remarkably lower expression in lymphocyte
populations of COVID-19 patients [34]. More recently, the
A, receptor agonist dipyridamole was suggested as a thera-
peutic option for thrombo-inflammation prevention in
COVID-19 patients [35].

The P2Y14 Receptor

The Gi protein-coupled P2Y14R is known to activate the innate
immune system. This receptor is strongly activated by extracel-
lular UDP-sugars, with a relative order of potency of UDP-
glucose > UDP-galactose > UDP-glucuronic acid > UDP-N-
acetylglucosamine, being the only purinergic receptor activated
by this type of nucleotides [36]. P2Y 14R activation is not only
limited to UDP-sugars, as UDP also strongly activates both ro-
dents and human receptors [37]. UDP-glucose is synthesized in
the cytosol, although it can be found in large amounts in the
endoplasmic reticulum lumen, where it is used as a sugar donor
for glycosylation reactions. UDP-sugars do not diffuse back to
the cytosol, so it is believed that they are basally released from a
wide range of cells during glycoconjugate exocytosis [10]. The
pathways resulting from P2Y14R activation are not completely
elucidated; however, experimental data showed that extracellular
signaling of UDP-glucose induces phosphorylation of ERK1/2
MAP kinases [38].

The human P2Y14R is abundantly expressed in several
tissues, including lung, kidney, brain, heart, adipose tissue,
skeletal muscle, placenta, spleen, stomach and intestine [36],
where it is described to be mainly involved in immune re-
sponses and inflammation [39]. Unfortunately, there is no data
yet available for P2Y14R differential expression in COVID-
19 pathology. P2Y 14R inhibition decreases neutrophil recruit-
ment and activation in human lung and kidney epithelial cells.
When activated, P2Y 14R induces mobilization and differen-
tiation of HSC, which are neutrophil precursors [40, 41], as
well as regeneration responses [42]. It is highly expressed in
neutrophils [43], promoting neutrophil activation [44], and
chemotaxis into lung tissue [45]. Hence, it is suggested that
P2Y 14R activity inhibition may decrease COVID-19-induced
neutrophilia (and consequently NLR), managing uncontrolled
innate immune system activation observed in severe COVID-
19 patients.

The P2Y14 Receptor and Hematopoietic Stem Cells

It was already postulated that stem cells might be an infection
site for SARS-CoV-2, making them a possible therapy target
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for COVID-19 treatment [46]. Human derived HSC express
ACE2 protein, and when in contact with Spike protein, ex-
pand less effectively and form less functional colonies [2].
Like all blood cells, neutrophils are derived from HSC, which
are responsible for the hematopoiesis process continuously
occurring during life. To maintain a steady turnover, hemato-
poiesis requires a special environment that provides protec-
tion, molecular cues and specific physical interactions for
these cells. This compartment is known as the HSC niche
[47]. Experimental evidence indicates that neutrophils regu-
late the hematopoietic niche by providing additional protec-
tion to hematopoiesis processes, such as quiescence, regener-
ation and proliferation [48].

Intriguingly, the P2Y'14R affects such processes (Fig. 1).
First, the P2Y 14R is expressed in a subpopulation of primitive
human bone marrow HSC and hematopoietic progenitor cells,
detected both in adult and fetal samples. The incubation of this
specific subset of cells with conditioned media from bone
marrow stroma led to P2Y 14R activation followed by chemo-
taxis [19]. Such effects were blocked by pertussis toxin, a drug
that catalyzes ADP-ribosylation of heterotrimeric Gi/o-
proteins (the G protein to which P2Y14R couples),
inactivating the P2Y 14R. In stress situations, the adaptability
of the hematopoietic system to meet the demand of innate
immune cells is remarkable and critical for survival. During
stress-induced responses, such as acute infection and inflam-
matory stress situations, HSC located in the niche are mobi-
lized into the peripheral blood [49]. The P2Y14R agonist
UDP-glucose, together with other nucleotides, is released into
extracellular fluids in response to stress [10]. In healthy mice,
subcutaneous injection of UDP-glucose promoted the mobili-
zation of HSC to the peripheral blood. After being harvested,
these HSC proved to be colony-forming cells, indicative of
differentiation capabilities [40]. In lethally irradiated mice,
UDP-glucose triggered the mobilization of functionally dis-
tinct HSC subpopulations. These specific subpopulations
displayed superior long-term repopulating capacity compared
to cells mobilized by G-CSF, the most clinically used factor
for HSC mobilization [40]. In bone marrow-derived cell cul-
ture, P2Y14R expression was selectively induced by RANKL
(a protein belonging to the tumor necrosis factor family) stim-
ulation during osteoclastogenesis. Further, addition of UDP-
glucose and other UDP-sugars induced the differentiation of
HSC into osteoclasts, which also depended on RANKL acti-
vation [41].

The P2Y 14R has also important functions in the placenta, a
rich source of HSC. The human placenta has one of the
highest levels of P2Y14R expression [36]. In mice, Sca-1-
expressing cells are the population holding HSC activity in
the placenta, and 75.2 % of Sca-1" cells express the P2Y 14R.
After purification by fluorescence-activated cell sorting
(FACS), P2Y14R* Sca-1" cells displayed a significantly
higher capacity of forming colonies when compared to
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P2Y14R" Sca-1* cells [20]. The regenerative properties of
HSC can also be mediated by P2Y14R. Loss of P2Y 14R leads
to reduced HSC capability of responding to multiple stress
factors [42]. In a model of radiation-induced stress, HSC of
P2Y14R knockout mice embryos were more prone to enter
senescence than wild-type ones were. In adulthood, also after
radiation-induced stress, P2Y14R knockout mice lost more
bone-marrow cells and developed hypersensitivity to hemato-
logical stress compared to wild-type animals, reinforcing the
receptor liability on HSC function [42]. The described effects
on HSC processes indicate that P2Y 14R-dependent modula-
tion is not limited to mature blood cells, like neutrophils, as
these effects are already present in progenitor cells.
Chemokine signaling cues play important roles in HSC
mobilization. Relevant to this topic, the P2Y14R has consid-
erable amino acid sequence similarities with chemokine re-
ceptors (2030 %). The similarity is based on the conserved
DRYLAC chemokine receptor signature motif [50]. HSC mo-
bilization induced by cytokine IL-8 release depends on neu-
trophil activation, reinforcing neutrophils as key regulator of
this process [51]. Further, neutrophils can modulate the hema-
topoietic niche, by promoting regulatory effects on quies-
cence, proliferation and regeneration (Fig. 1) [48]. The
P2Y14R also affects hematopoietic niche processes, and its
activation can promote IL-8 release by epithelial cells [52].
Therefore, P2Y 14R-induced effects on neutrophils may be
responsible for hematopoietic niche regulation. Moreover,
lungs and blood from COVID-19 patients showed high levels
of IL-8, a cytokine related to both HSC mobilization and the
inflammatory cytokine storm [53-55], corroborating the idea
that P2Y 14R inhibition would prevent excessive neutrophil
differentiation and activation in COVID-19 patients.

The P2Y14 Receptor and Neutrophils

Following mobilization and differentiation, HSC give origin
to blood cells, including the ones of the innate immune sys-
tem, such as neutrophils. UDP-glucose is stable in human
neutrophil samples, implying absence or limited activity of
ecto-nucleotide pyrophosphatases for UDP-sugars in these
cells. Meanwhile neutrophils completely hydrolyze in a
CD73- and CD39-dependent manner eATP to eAdo [56].
This indicates that UDP-glucose may accumulate in the extra-
cellular environment, activating the P2Y14R with possible
contribution to pathophysiological conditions.

Mature human neutrophils have extremely high levels of
functional P2Y 14R expression [43], proven by inhibition of
forskolin-stimulated cAMP accumulation, as well as the op-
posing effect observed in the presence of pertussis toxin [44].
Incubation of UDP-glucose with human neutrophils induced
cytoskeleton rearrangement, changes of cell shape and in-
creased cell migration, which are features of neutrophil acti-
vation. UDP-glucose also promoted a fast, robust and
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Fig. 1 SARS-CoV-2 infection and P2Y 14 receptor interference in
hematopoietic stem cell (HSC) homeostasis in the bone marrow. During
viral infection, DAMPs, such as ATP/UDP-glucose and Interleukin-8
(IL-8), are released into the blood circulation following tissue injury.
The bone marrow presents the niche for HSC and responds to these
signaling molecules. In situ activated neutrophils favor expansion and
proliferation of HSC that is supported by Cxcll2-abundant reticular

concentration-dependent activation of RhoA, which is the
main Rho family isoform found in neutrophils [56]. Rho
GTPases are key regulators of cytoskeleton rearrangement
necessary for neutrophil functions, such as adhesion, cell po-
larization, directional migration, phagocytosis, and microbial
killing [57]. UDP-glucose promoted both chemotaxis and Rho
GTPase activation in differentiated human promyelocytic leu-
kemia cells (HL60), which did not occur in undifferentiated
HL60 cells [56]. Accordingly, HL60 cells do not express the
P2Y14R, while DMSO-induced differentiation into a
neutrophil-like phenotype remarkably promoted expression
of this receptor [38], indicating that UDP-glucose activation
of Rho was P2Y 14R-dependent. Confirming this hypothesis,
the expression of recombinant human P2Y 14R on undifferen-
tiated HL60 cells promoted UDP-glucose-dependent RhoA
activation and chemotaxis [56]. These results indicate a pro-
inflammatory role of P2Y14R activation, leading to human
neutrophil chemotaxis. PPTN, the selective high-affinity
P2Y14R antagonist, confirms the specifity of P2Y14R
for human neutrophil chemotaxis [58]. PPTN treatment
blocked UDP-glucose-promoted chemotaxis in neutrophil-
like differentiated HL60 cells and freshly isolated human neu-
trophils, corroborating previous results [58]. Relevant to this
topic, UDP-glucose promotes P2Y 14R-dependent production
of IL-8/CXCLS in human epidermal keratinocytes stimulated
with monosodium urate [59]. Since neutrophils migrate to the
epithelium as a response to tissue damage, it is likely that the
P2Y14R promotes neutrophil chemotaxis during this process.

(CAR) cells and pericytes around the sinusoid region, while Spike protein
of SARS-CoV-2 directly arrests their cell cycle. In addition, UDP-glucose
triggers release of IL-8 by neutrophils in the bone marrow, inducing
mobilization of HSC into the blood flow and consequently increasing
the burden of proinflammatory processes in the periphery. Furthermore,
activation of the P2Y14 receptor expressed by HSC guides HSC differ-
entiation towards the osteoclast fate. Created with BioRender.com

P2Y14R and Neutrophil Chemotaxis in Lung Epithelial
Cells

While neutrophils are important mediators in the defense
against infections, they are also major contributors to the in-
flammatory response causing lung tissue destruction. Failure
to effectively manage inflammation in cystic fibrosis (CF) and
chronic obstructive pulmonary disease (COPD) is due, in part,
to a limited understanding of the processes responsible for
neutrophil recruitment, activation and clearance in diseased
airways [60]. In agreement with the tendency of nucleotides
to accumulate in extracellular spaces under stress conditions,
samples of diluted bronchoalveolar lavages from COPD pa-
tients contained 200-400 nM of UDP-sugars (UDP-glucose
and UDP-N-acetylglucosamine) [39, 61]. In CF patients, neu-
trophil counts of sputum samples were significantly higher
compared to healthy subjects, besides an 11-fold increase in
UDP-glucose levels, a sufficient concentration for P2Y14R
activation [45]. Thus, the P2Y 14R-mediated increase in neu-
trophil chemotaxis and its expression in epithelial lung cells
suggests that this receptor might be involved in neutrophil
recruitment in the lungs.

P2Y14R expression is detected in human lung tissue, the
human alveolar epithelial cell line A549, the human bronchial
epithelial cell line BEAS-2B, and fresh collected human alve-
olar epithelial type II pneumocytes [36, 52]. Receptor func-
tionality was confirmed in these cells by the UDP-glucose-
induced increase of Ca** currents, which also triggered a
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robust and selective release of the potent neutrophil
chemoattractant CXCLS8/IL-8 [52]. Both phenomena were
inhibited by pertussis toxin. IL-8 release promotes a rapid
mobilization of HSC, an event that requires in vivo activation
by neutrophils [51], and supposedly correlates with P2Y14R
activation [40]. The human lung cancer cell line Calu-3, when
stimulated with ionomycin to increase intracellular Ca®* con-
centration, secreted mucin containing UDP-glucose [62].
SPOCI rat tracheal epithelial cells, which are mucin-
producing mucous goblet cells, also released UDP-glucose
when stimulated with extracellular ATP, which commonly
promotes cellular activation and inflammation [62]. Studies
with PPTN confirmed that UDP-glucose-induced effects on
lung inflammation depend on P2Y14R activation. This was
observed in healthy mice [45] and mouse inflammation
models, such as the CF-like FENaC transgenic mice [45],
allergen challenge [63] and lipopolysaccharide (LPS) models
[64]. In vivo instillation of UDP-glucose into wild-type mouse
trachea resulted in enhanced neutrophil lung recruitment,
which was nearly abolished in the presence of PPTN.
ENaC-overexpressing ENaC transgenic mice, used as CF
model due to their characteristic mucin hypersecretion, re-
vealed reduced neutrophil lung inflammation after PPTN ad-
ministration [45]. P2Y 14R relevance in immune system acti-
vation in allergen-induced stress was confirmed by a signifi-
cant upregulation of its expression in airway epithelial cells,
neutrophils and eosinophils after house dust mite (HDM)
challenge [63]. Lastly, PPTN blocked neutrophil lung recruit-
ment after intranasal LPS administration, indicating that LPS-
induced chemotaxis depended on P2Y14R activation [64].
These results indicate P2Y14R-mediated effects of UDP-
glucose as a local mediator of neutrophil chemotaxis and ac-
tivation. Thus, considering the P2Y14R role in neutrophils
and chemotaxis in lung epithelia, its inhibition through
PPTN could decrease neutrophil hyperactivation, preventing
the cytokine storm observed in critically ill COVID-19 pa-
tients (Fig. 2).

P2Y14 Receptor and Neutrophil Chemotaxis in Kidney
Epithelial Cells

In the virus-infected epithelia, the activation of neutrophils and
the continuous release of cytokines, like IL-1 and TNF, starts an
amplification loop that supports cytokine storm. The conse-
quent release of further proinflammatory factors leads to
thrombotic/fibrinolytic alterations, causing thrombosis in arter-
ies and microvasculature of organs like heart and kidneys [65].
Patients with respiratory failure/ARDS are at increased risk of
associated kidney injury (AKI), which makes AKI strongly
correlated to severe cases of COVID-19 [66]. Post-mortem bi-
opsies from COVID-19 patients showed varying degrees of
acute tubular necrosis. The same kidney samples tested nega-
tive for SARS-CoV-2 presence, emphasizing that over
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activated systemic inflammation causes kidney failure in deadly
cases [67]. Besides inflammatory and immune-mediated ef-
fects, COVID-19-induced pathophysiological processes, such
as impaired gas exchange and hemodynamic damage, increase
the risk of AKI [68], reinforcing the cross-talk between lung
and kidneys in critically ill COVID-19 patients.

A major cause of AKI seems to be neutrophil infiltration that
triggers the cytokine storm and later induces kidney injury.
Kidney collecting duct intercalated cells present high levels of
P2Y14R, that upon binding of UDP-glucose, promotes produc-
tion of chemokines. Release of these factors leads to neutrophil
infiltration and renal inflammation, therefore contributing to the
onset of AKI [69]. This finding corroborates other studies,
which observed the same effect of UDP-glucose on intercalated
cells, such as P2Y 14R activation and recruitment of neutrophils
through cytokine release. UDP-glucose-promoted proinflam-
matory responses were found in a renal epithelial cell model,
denominated Madin-Darby Canine Kidney subclone C11 cell
line MDCK-C11). Activation of the MAPK-MEK 1/2-ERK1/2
pathway in MDCK-C11 cells mediated production of inflam-
matory cytokines, which was prevented by inhibition of the
P2Y14R by PPTN [70]. Battistone and collaborators [71]
proved that early AKI induced by ischemia in mice could be
prevented by P2Y14R antagonism by PPTN or through
P2Y14R gene ablation in renal intercalated cells. Both strate-
gies were capable of inhibiting chemokine expression, lessen-
ing neutrophil and monocyte renal infiltration, thus preventing
proximal tubule damage and kidney dysfunction. Moreover,
they detected high levels of UDP-glucose in patients at inten-
sive care units, corroborating that UDP-glucose is released un-
der stress conditions [10]. We believe that the UDP-glucose/
P2Y14R axis is a potential target for attenuation of extreme
kidney failure and death of COVID-19 patients induced by
systemic inflammation. Selective P2Y 14R antagonism is sup-
posed to avoid neutrophil infiltration in both lungs and kidneys.

Targeting the P2Y14R: Limiting Crosstalk Between
Complement and Kallikrein-kinin Systems

COVID-19 was initially characterized as a severe respiratory
disease caused by the misfiring of the immune response [72].
However, recent findings point to the correlation between sys-
temic thrombo-inflammatory responses and massive tissue in-
filtration by neutrophils and monocytes. While a robust innate
immunity is capable of controlling SARS-CoV-2 infection in
the upper airway tissues of most patients, high risk groups
display a weakened antiviral response, unable to prevent the
spread of the virus to the lower airways [73].

Following binding to ACE2-expressing type II
pneumocytes, SARS-CoV-2 subverts antiviral immunity
through downregulation of IFN-1-regulated gene transcription
and expression upregulation of genes coding for proinflam-
matory chemokines/cytokines [74]. In a study exploring the
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Fig. 2 Inhibition of the P2Y 14 receptor could attenuate neutrophilia in
COVID-19 patients. Pharmacological modulation of P2Y14R activity
may occur by two different ways to prevent neutrophilia, based on its
effects on neutrophils and epithelial lung cells. P2Y 14R inhibition in the
respiratory tissue could mitigate neutrophil recruitment and consequent
infiltration into the lungs, at least in part due to release reduction of the

role of the innate response, mainly the complement C5a/
C5aR1 axis in COVID-19 severity, peripheral blood
neutrophilia correlated to adverse clinical outcome.
Peripheral blood also presented a decrease in the proportion
of inflammatory CD14'°¥CD16" monocytes, raising the pos-
sibility that this subset has infiltrated the lung and other tissues
[75]. While SARS-CoV-2-induced dynamics of leukocyte re-
cruitment to lower airways is still not clear, it is conceivable
that blood plasma leakage may modulate neutrophil and
monocyte infiltration through the activation of C3aR and
C5aR1/C5aR2. Dysregulated activation of complement prob-
ably occurs due to plasma leakage at the early stage of infec-
tion when alveolar septa are overloaded with virus particles.
Although the titers of complement-fixing proteins (i.e., C-
reactive protein, mannose-binding lectin MASP-2 and IgM
antibodies against multiple viral antigens) vary between pa-
tients, diffusion of complement-fixing proteins through the
virus-laden tissues should lead to the extravascular activation

§P2Y14R ',.-":'--:NET/ROS YAP2Y14R Antagonist W IL-8

potent chemotaxis promotor IL-8 by lung epithelial cells. Further,
P2Y14R inhibition could also act directly on neutrophils, avoiding un-
controlled chemotaxis, degranulation and NETosis, thus preventing oxi-
dative stress and the biological cascade that perpetuates neutrophil acti-
vation. NETs: neutrophil extracellular traps; ROS: reactive oxygen spe-
cies. Created with BioRender.com

of the complement system. Complement is also activated as
MASP-2 binds to coronavirus N protein [76]. Another mech-
anism may involve binding of heparan sulfate to the Spike S
protein. This interaction constrains the regulatory activity of
factor H, an inhibitory complement control protein, on the
surface C3 convertase [77]. Consistent with the idea that com-
plement dysregulation worsens the pathogenic outcome of
COVID-19, C5a and proinflammatory cytokines were detect-
ed in the bronco-alveolar lavage of COVID-19 patients [75].
Extending the analysis of neutrophil function, COVID-19 pa-
tients produced high levels of neutrophils releasing tissue fac-
tor and C3 incorporated in NETs [78]. Recently, small inde-
pendent cohorts of severe COVID-19 patients showed that
AMY-101, a compstatin-like cyclic drug efficiently targeting
C3a, decreased neutrophil counts and systemically blunted
thrombo-inflammation [79].

Pertinent literature for this review, P2Y14R antagonism
has a potential role in inhibiting C3a-induced mast cell (MC)
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Fig.3 Participation of mast cell/kallikrein-kinin system overactivation at
systemic thrombo-inflammation in COVID-19 patients. The proposed
mechanism is based on the interaction between NETs and the
complement/coagulation systems. Upon viral infection, cytokines and
DAMPs released from dead or dying cells activate endothelial cells,
which start to express adhesion molecules, attracting neutrophils and
other leukocytes. The release of NETs by neutrophils initiates a broader
inflammatory activation, which can disrupt important molecules for en-
dothelial barrier function, promoting plasma leakage. During NETosis,
activated neutrophils release NETS to capture and neutralize pathogens,
avoiding their spread. NETs involve the C3a protein, which in turn

degranulation, which consequently could influence NETs for-
mation [80]. Collectively, these studies raise the possibility
that PPTN might be able to blunt thrombo-inflammation by
inhibiting C3a/C5a-driven neutrophilic infiltration and/or sub-
sequent formation of NETs. As previously outlined, microvas-
cular leakage may vigorously propagate inflammation in the
alveolar septa of COVID-19 patients via activation pathways
with overlapping activation of complement. Complement pro-
teins, such as C3a, can trigger degranulation of MC, which in
turn releases plenty of heparin. This highly negative charged
molecule induces plasma protease factor FXII autoactivation
upon binding. The activated form of FXII (FXIla) promotes
activation of the plasma kallikrein protease (PK) zymogen,
following conversion of high-molecular-weight kininogen
(HK) towards bradykinin [81].

Bradykinin is a peptide that promotes vasodilation and in-
creased vascular permeability, hence may contribute to the
local pulmonary edema observed in COVID-19.
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activate mast cells. The mast cell degranulation process releases hista-
mine, serine proteases and a great load of heparin. Heparin activates the
factor FXII, followed by kallikrein zymogen form to cleavage, which in
turn activates the zymogen of bradykinin. The overproduction of brady-
kinin would then lead to a bradykinin storm. P2Y14 receptors can act
upstream in these events, in two different steps: by inhibiting neutrophil
activation and subsequently C3a release; and by blocking mast cell de-
granulation, decreasing the release of heparin. NETs: neutrophil extracel-
lular traps; ROS: reactive oxygen species; FXII: coagulation factor XII;
HK: high molecular weight kininogen. Created with BioRender.com

Bronchoalveolar lavage of COVID-19 patients indicated a
decreased expression of ACE, together with increased expres-
sion of ACE2, renin, angiotensin, key renin angiotensin sys-
tem (RAS) receptors, kininogen, several kallikrein enzymes
and kinin-B1 and B2 receptors, when compared to healthy
subjects. This differential gene expression indicates elevated
bradykinin levels, referred to as “bradykinin storm” [82].
Bradykinin amplifies inflammatory edema via signaling me-
diated by the kinin-B2 receptor, a G protein-coupled receptor
constitutively expressed in the endothelium. The first example
of an intracellular pathogen that increments its infectivity at
expense of MC/Kinin-Kallikrein System-driven formation of
inflammatory edema (bradykinin-storm) came from studies in
animal infected by Trypanosoma cruzi, the parasitic protozo-
an that causes human Chagas heart disease [83, 84].
Bradykinin-induced inflammatory cascades may worsen
ARDS by stimulating excessive formation of hyaluronic acid
(hydrogel), that inhibits oxygen exchange in the alveoli of
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COVID-19 [82]. Supporting this hypothesis, treatment of
COVID-19 patients with the kinin-B2 receptor
selective antagonist Icatibant alleviated ARDS in a study in-
volving a limited cohort [85].

Furthermore, histopathological studies conducted in Brazil
revealed that MC density was increased in postmortem biop-
sies (alveolar septa) of COVID-19 patients, but not in biopsies
from patients that died of HIN1 pneumonia [86].
Interestingly, increased MC density in COVID-19 biopsies
correlated with higher scores for IL-4, suggesting that the
expression profile in alveolar septa of fatal cases might shift
to type-2 immune response cytokines, as indicated by tran-
scriptional analyses of peripheral immune responses [72].
Thus, exacerbation of type-2 immune response also leads to
degranulation of the MC [87]. Studies in animal models of
COVID-19 may clarify the nature of signs promoting MC
progenitor recruitment to the injured lung. Pertinently,
P2Y14R antagonism has a potential role in inhibiting C3a-
induced MC degranulation, which consequently would pre-
vent NETSs formation. Indeed, C3 knock-out mice do not form
NETs, reinforcing the influence of the complement system on
NETosis [88]. Based on this evidence, an interesting question
to investigate is, whether PPTN would be capable of
inhibiting C3a/C5a-driven neutrophilic infiltration and/or
thrombo-inflammatory responses elicited by NETs. Figure 3
provides a scheme of neutrophil activation and complement/
coagulation system interactions.

Finally, P2Y14R may have an important role in MC immune
response. Briefly, P2Y14R promotes MC degranulation, at least
in part through a synergic action with C3a anaphylatoxin [80], an
important component of the complement cascade. Gao and col-
laborators [89] reported that P2Y 14R expression in the MC-like
rat basophilic leukemia RBL-2H3 cell line was about 150-fold
higher than that of other P2Y receptors (P2Y2, P2Y4 and P2Y6).
UDP-glucose addition to RBL-2H3 cells induced MC degranu-
lation, measured by the release of the phospholipid hydrolase [3-
hexosaminidase, via activation of pertussis toxin-sensitive calci-
um transients [89]. In the human MC cell line LAD2, UDP-
glucose or the synthetic P2Y14R agonist MRS2690 alone did
not induce any significant changes in (3-hexosaminidase levels.
However, both P2Y14R agonists enhanced C3a-induced (3-hex-
osaminidase secretion, and stimuli were blunted by PPTN, per-
tussis toxin and P2Y14R RNA interference [80]. Noteworthy,
two asthma genome-wide association studies used to identify
risk-associated genes classified P2Y 14 gene as associated with
asthma risk, since P2Y14R expression was upregulated more
than 3-fold in lung samples of a model of acute allergic asthma
[63]. Mice exposed to UDP-glucose induced the release of I1L-33,
a member of the IL-1 cytokine family usually produced by epi-
thelial cells, endothelial cells and smooth muscle. Once secreted,
this alarmin must be converted into a high-affinity ligand for ST2
by neutrophil proteases before activating MC in an autocrine
manner [63]. Based on this collection of findings, it will be worth

assessing whether P2Y14R antagonism will suppress MC de-
granulation, consequently blunting the bradykinin storm at the
alveolar septum.

Conclusions

Here, we propose a mechanism involving the P2Y14R inhi-
bition to attenuate neutrophilia and prevent COVID-19 pro-
gression to severe cases. P2Y receptors are important thera-
peutic targets and often associated with several disorders.
P2Y12R antagonists (clopidorgel, prasugrel, ticagrelor and
cangrelor) have already gone through clinical trials and are
approved for therapy, being applied for at least two decades
to prevent thrombosis in patients at risk of heart attack [90].
There are currently no clinical trials for the P2Y14R antago-
nist PPTN, although preclinical studies in rodent animal
models displayed a safe use of PPTN, in both healthy
mice and CF-like lung disease mice model [45]. Recently,
new P2Y14R antagonists were synthesized and successfully
tested in a mouse model of chronic pain [91], indicating that
there are alternatives to PPTN for therapeutic applications.
Our hypothesis is that the P2Y14R antagonist at low doses
would allow neutrophil activation for SARS-CoV-2 removal,
while preventing uncontrolled activation and lung infiltration
by these cells. Furthermore, it could prevent exacerbated MC
degranulation, thus dampening the bradykinin storm and
thrombo-inflammation. By preventing cytokine and bradyki-
nin storms, COVID-19 patients would have a lower risk of
multi-organ failure due to systemic inflammation. In conclu-
sion, we postulate that novel targets to control neutrophil re-
cruitment are of extreme relevance for respiratory distress and
lung failure prevention. Uncontrolled neutrophil chemotaxis
observed in COVID-19 could be prevented by P2Y 14R inhi-
bition, consequently preventing lung infiltration, cytokine
storm, systemic inflammation and severe illness and reducing
death rate of intensive care patients. The same applies to dam-
age of other organs such as kidney, where neutrophil infil-
trates worsen prognosis clinical outcomes.
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