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Abstract

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic has significantly impacted the world and
has driven many researchers into the pathophysiology of COVID-19. In the findings, there is a close association between
purinergic signaling and the immune response. Then, this study aimed to evaluate alterations in the purinergic signaling
in COVID-19 patients according to range severity. We divided the COVID-19 patients into moderate and severe cases fol-
lowing the guideless of NIH and WHO, together with clinical characteristics. The blood samples were collected to obtain
PBMCs and platelets. We analyzed the ectonucleotidase activities through ATP, ADP, AMP, Ado hydrolysis, E-NTPDasel
(CD39), and 5'-NT (CD73) expression by flow cytometry in total leukocytes. The extracellular ATP was measured by bio-
luminescence, and cytokines were analyzed by flow cytometry. We observed a decrease in ATP hydrolysis and increased
AMP hydrolysis in PBMCs for both groups. In severe cases, ATP hydrolysis was raised for the platelets, while ADP and
AMP hydrolysis have risen significantly in both groups. Additionally, there was a significant increase in ADP hydrolysis in
severe cases compared to moderate cases. In addition, we observed an increase in the ADA activity in platelets of moderate
patients. Moderate and severe cases showed increased expression of CD39 and CD73 in total leukocytes. To finalize the
purinergic signaling, extracellular ATP was increased in both groups. Furthermore, there was an increase in IL-2, IL-6, IL-10,
and IL-17 in moderate and severe groups. Thus, for the first time, our findings confirm the changes in purinergic signaling
and immune response in COVID-19, in addition to making it more evident that the severity range directly impacts these
changes. Therefore, the therapeutic potential of the purinergic system must be highlighted and studied as a possible target
for the treatment of SARS-CoV-2 disease.
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deaths worldwide until July 14, 2021. The etiological agent
of the disease is the newly identified severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), a beta coronavirus
of the Coronaviridae family, transmitted through contact
hand-mouth-nose-eye with contaminated droplets expelled
by coughing and sneezy [1, 2]. Mild symptoms may include
fatigue, headache, fever, cough, myalgia, diarrhea, anorexia,
and dyspnea. However, severe cases may evolve to pulmo-
nary edema due to pneumonia, presenting hypoxemia and
coagulopathy, eventually leading to organ failure and death
[3-6].

As the first line of defense against pathogens, the host
innate immune system promptly recruits immune cells to
fight viral infections. The course of inflammatory reactions
may influence disease outcomes [7]. Evidence suggests that
COVID-19 patients may present an immune dysregulation
with high infiltration of inflammatory cells, such as neutro-
phils and monocytes/macrophages, increasing blood levels
of IL-1p, IL-6, IL-2 IL-7, and TNF-a, among other pro-
inflammatory cytokines and chemokines [8—10]. Although
host inflammatory processes triggered by SARS-CoV-2
infection are essential for the virus-fighting, excessive and
prolonged responses can result in a cytokine storm (CS),
leading to multiorgan damage [11, 12].

The ubiquitous presence of purinergic components in
almost all body tissues and its close relationship with the
immune system highlights the purinergic system as a fea-
sible candidate cellular signaling pathway associated with
disease severity and progression in COVID-19 patients. This
sophisticated cell-cell communication system orchestrates
numerous cellular responses in the context of health and
disease, displaying immunomodulatory capabilities and
widely influencing cellular proliferation, differentiation, and
death processes. Extracellular signaling molecules include
nucleotides such as adenosine triphosphate (ATP), adeno-
sine diphosphate (ADP), adenosine monophosphate (AMP),
and the nucleoside adenosine (Ado), implicated in several
pathophysiological events [13—17].

The levels of purinergic molecules are controlled by a
complex network of nucleotide/nucleoside enzymes, collec-
tively known as ectonucleotidases, expressed on the surface
of cells. The presence of these molecules in the extracellu-
lar milieu can rapidly activate the nucleoside triphosphate
diphosphohydrolase 1 (NTPDase-1/CD39), 5'-nucleotidase
(5'-NT/CD73), and adenosine deaminase (ADA) enzymes,
which metabolize ATP/ADP into AMP, AMP into adenosine
(Ado), and finally this into inosine, respectively [18-21].

A robust body of evidence supports the involvement of
purinergic signaling in several disease conditions, such as
cancer [17, 22-28], inflammatory process [29], diabetes,
and hypertension [30, 31]. Recently, studies have hypoth-
esized the potential role of purinergic signaling in COVID-
19 [32-35]. This assumption is supported mainly by the
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role of the purinergic signaling molecules such as ATP as a
damage-associated molecular pattern (DAMP) in the extra-
cellular environment [36]. During SARS-CoV-2 infection,
the active replication and release of the virus can cause the
host cells to undergo pyroptosis, promoting the outpour
of ATP, which acts as a signaling molecule activating the
purinergic system components such as enzymes and recep-
tors. This process triggers downstream signaling cascades
that exacerbate the immune responses and further increase
the inflammatory process [11, 37].

Therefore, considering the possible role of the purinergic
system in the pathogenesis caused by SARS-CoV-2 and its
correlation with the immune system, we aimed to evaluate
alterations in the purinergic signaling in COVID-19 patients
to range severity.

Materials and methods
Ethical statement

The Institutional Ethics Committee approved this project
of the Federal University of the South Frontier—Chapecé
Campus (Chapec6, Santa Catarina State, Brazil), under
registration number 4.333.241. All the protocols performed
in this investigation followed the ethical standards of the
institutional and national research committee on the involve-
ment of human participants. Patients and control group (CT)
were admitted to the study after signing the informed con-
sent form.

Materials, reagents, and equipment

This study was carried out with reagents and chemicals of
analytical grade purchased from Sigma-Aldrich Inc. (St.
Louis, MO, USA) and Merck KGaA (Darmstadt, Germany).
All other reagents otherwise not stated were of chemical
purity. All measurement analyses were performed using a
Multiskan™ GO microplate spectrophotometer (Thermo
Fisher Scientific, USA). Flow cytometry analysis was car-
ried out in an Accuri™ C6 Plus cytometer (BD Biosciences)
and analyzed by the FlowJo V10 software.

Study design, patients’ selection criteria,
and disease severity classification

A cross-sectional study of 62 hospitalized patients diagnosed
with COVID-19 from the city of Chapec6 (Santa Catarina
State, Brazil) was conducted between March and April 2021.
Male and female patients (age > 18 years) were enrolled in
this study. The diagnosis of SARS-CoV-2 infection was
assessed by collecting biological material by nasopharyn-
geal swab and confirmed by RT-PCR. Besides, a total of
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49 healthy subjects—CT, male and female (age > 18 years),
and without any symptoms of flu syndrome—were selected
for this investigation. The negativity of SARS-CoV-2 infec-
tion in the CT was assessed by RT-PCR analysis after naso-
pharyngeal swab collection. CT subjects did not present
any history of non-communicable diseases (NCDs), such
as diabetes, hypertension, cancers, cardiovascular diseases
(such as stroke and heart attacks), and respiratory diseases
(such as asthma and chronic obstructive pulmonary disease).
Figure 1 represents the experimental design, and in Table 1
are expressed clinical and demographic characteristics of
patients and CT.

Looking to understand whether disease severity catego-
ries interfere both in purinergic signaling, we divided the
confirmed COVID-19 patients into moderate and severe
cases following the COVID-19 Treatment Guidelines Panel
by the National Institutes of Health [38] and the Guidelines
for Novel Coronavirus Clinical Manifestations by the World
Health Organization [39], together with clinical characteris-
tics available in Table 1, such as outcome, type of admission,
and use of mechanical ventilation (MV). Thus, considering
the guidelines definitions, patients with a better outcome,
without intensive care unit (ICU) admission, and MV were
considered moderate cases, representing 40 patients. In con-
trast, severe cases were the worst outcome, ICU admission,
and MV necessity, representing 22 patients.

Blood collection and isolation of blood components

After all of the patients or familiar enrolled in this study pro-
vided written informed consent, whole blood was obtained
by venipuncture to isolate the components required for later
analysis according to particular requirements for each pro-
tocol. We collected a total of 15 mL of blood using a BD
Vacutainer® (BD Biosciences, San Diego, CA, USA) tube
with an EDTA system for isolation of peripheral blood mon-
onuclear cells (PBMCs) and separated on Ficoll-Histopaque
density gradients, following the general guidelines described
[40] with adaptations. Briefly, the EDTA tube containing
whole blood was centrifuged at 3500 rpm for 15 min for
separation in plasma, buffy coat, and red blood components.
In sequence, the buffy coat (rich in PBMCs) was diluted
1:1 with phosphate-buffered saline (PBS), carefully layered
onto Ficoll-Histopaque, and centrifuged at 1800 rpm for
30 min. Isolated PBMCs were carefully collected (2—4 mL),
resuspended in 15 mL PBS, and centrifuged at 1500 rpm for
15 min. When necessary, the PBMCs were washed with a
hemolytic buffer solution to eliminate red blood cell (RBC)
residues and centrifuged at 1500 rpm for 15 min. Then, the
supernatant was removed, the pellet was resuspended in
15 mL PBS and centrifuged at 1500 rpm for 10 min. Finally,
the supernatant was removed, and the pellet was resuspended
in 1 mL of saline solution (NaCl, 0.9%) to assess nucleotide/

nucleoside hydrolysis and 1 mL RPMI medium (11.1 mM
glucose, supplemented with 3% FBS, 50 units/ml penicil-
lin, 50 g/mL streptomycin) with 10% of dimethyl sulfoxide
(DMSO) to further analysis. The platelet separation occurred
according to the previous method with modifications [41,
42]. For this, a total blood was collected with sodium citrate
as anticoagulant and centrifuged at 1500 rpm for 10 min.
After, the platelet-rich plasma was centrifuged at 5000 rpm
for 30 min and washed with 3.5 mM HEPES buffer, pH 7.0
at least twice. The platelet pellets were suspended in HEPES
buffer.

Protein determination

The proteins were determined according to the method of
[43] and adjusted in the ranges of 0.1-0.2 for samples of
PBMCs and 0.4-0.6 mg/mL for platelets, using saline solu-
tion when necessary.

Extracellular quantification of ATP

The quantitative ATP determination was developed using
commercial kit (Invitrogen®) by bioluminescence assay with
recombinant firefly luciferase and its substrate D-luciferin
in serum of COVID-19 patients and CT group. The assay is
based on luciferase’s requirement for ATP in producing light
(emission maximum ~560 nm at pH 7.8 [44]. We combined
the reaction components as follows to make a standard reac-
tion solution and adjust the volumes according to particular
requirements. After a 15-min incubation, luminescence was
measured and represented as nM/ATP.

E-NTPDase1 (CD39), E-5'-NT (CD73), and ADA
purinergic enzymes activities

The activities of purinergic enzymes were performed by
using platelets and PBMCs samples of CT and COVID-9
patients. The hydrolysis of nucleotides such as ATP/ADP
(E-NTPDasel, CD39), AMP (E-5"-nucleotidase, CD73), and
the nucleoside Ado (ADA) was employed to evaluate the
alterations in purinergic system enzymes activities. Briefly,
after protein adjustments of PBMCs and platelets, 20 pL of
samples was added to the reaction mixture of each enzyme
and preincubated at 37 °C for 10 min. The enzymatic reac-
tion was initiated by adding the specific substrates for each
enzyme: ATP and ADP for CD39 and AMP for CD73. After
incubation at 37 °C for 70 min, the reactions were stopped
by the addition of trichloroacetic acid (TCA, 10%), and the
released inorganic phosphate due to ATP, ADP, and AMP
hydrolysis was determined by using malachite green as the
colorimetric reagent. A standard curve was prepared with
KH,PO,. Controls were performed to correct for nonenzy-
matic hydrolysis. The absorbance was measured at 630 nm,
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Fig.1 Schematic representation of the study design. A total of 111
volunteers, including 49 healthy subjects (control group) and 62
SARS-CoV-2 patients (COVID-19 group), were enrolled in the study.
Upon the collection of biological samples for the biochemical analy-
sis, infection was assessed using RT-PCR diagnosis. Blood samples

and enzyme-specific activities were reported as nmol/Pi/
min/mg of protein [41, 42]. For the ADA, activity was per-
formed based on the measurement of ammonia produced
when this enzyme acts in the excess of adenosine, following
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were obtained by venipuncture from control subjects and COVID-19
patients and processed to obtain serum, PMBCs, and platelets accord-
ing to the requirements of each assay. Purinergic enzyme activities
were performed by using PMBCs and platelets as samples. Cytokines
levels were assessed by using serum samples

a previously published method [45]. In brief, 50 pL of cell
suspension reacted with 21 mmol/L of adenosine (pH 6.5)
at 37 °C for 60 min. After the incubation period, the reac-
tion was stopped by the addition of 167.8 mM sodium
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Table 1 Baseline data and General data COVID-19 Controls
clinical parameters in COVID- - )
19 patients and controls groups Moderate cases Severe cases
n=40 n=22 n=49
(64.52%) (35.48%)
Age (years) 54.77+12.59 61.14+14.28 43.20+14.07

Gender
Male
Female
Race
Caucasian
Brown
Black
BMI (kg/m?)
Comorbidity diseases
Overweight
SAH
Dyslipidemia
DM type Il
No comorbidity
Main symptoms
Dyspnea
Cough
Fever (=37, 8 °C)
Body weakness
Myalgia
Asthenia
Diarrhea
Airsickness and/or vomit
Odynophagia
Type of admission
Infirmary
ICU admission
Use of MV
Yes
No
Outcome
Release
Death

32.50% (n=13)
67.50% (n=27)

65.00% (n=26)
32.50% (n=13)
2.50% (n=01)
31.06+6.57

75.00% (n=30)
52.50% (n=21)
12.50% (n=05)
17.50% (n=07)
10.00% (n=04)

67.50% (n=27)
62.50% (n=25)
35.00% (n=14)
20.00% (n=08)
15.00% (n=06)
20.00% (n=08)
12.50% (n=05)
7.50% (n=03)

7.50% (n=03)

100% (n=40)

5.00% (n=02)
95.00% (n=38)

100% (n=40)

63.64% (n=14)
36.36% (n=08)

72,73% (n=16)
18.18% (n=04)
9.09% (n=02)
33.08+6.06

80% (n=08)
50% (n=05)
20% (n=02)
10% (n=01)
10% (n=01)

50.00% (n=05)
50.00% (n=05)
20.00% (n=02)
10.00% (n=01)
30.00% (n=03)
10.00% (n=01)

10.00% (n=01)

40.91% (n=09)
59.09% (n=13)

86.36% (n=19)
13.63% (n=03)

22.73% (n=05)
77.27% (n=17)

25.00% (n=11)
75.00% (n=33)

95.65% (n=44)
4.35% (n=02)

26.49+5.33

51.16% (n=22)
16.28% (n=07)
6.98% (n=03)

18.60% (n=08)

BMI body mass index, SAH systemic arterial hypertension, DM diabetes mellitus, /CU intensive care unit,

MYV mechanical ventilation

nitroprusside, 106.2 mM phenol, and a sodium hypochlorite
solution. Lastly, absorbance was read at 620 nm, and values
were expressed as units/liter (U/L).

E-NTPDase-1 (CD39) and E-5'-NT (CD73) expression

Flow cytometry analysis was employed to investigate
E-NTPDase-1 (CD39) and E-5'-NT (CD73) expression of
CT subjects and COVID-19 patients. Monoclonal antibod-
ies anti-CD45 (FITC), anti-CD39 (APC), and anti-CD73
(PE) for marking of the total leukocytes, E-NTPDase-1, and

E-5'-NT, respectively, were used in the protocol. In brief,
whole blood was initially collected with EDTA as an anti-
coagulant and used as a sample and analyzed by flow cytom-
etry (BD Accuri C6) and analyzed by FlowJo V10 software.

Flow cytometry analysis of cytokines
The BD™ CBA Human Th1/Th2/Th17 Cytokine Kit
was used to quantitatively measure interleukin-2 (IL-

2), interleukin-4 (IL-4), interleukin-6 (IL-6), interleu-
kin-10 (IL-10), tumor necrosis factor-alpha (TNF-a),

@ Springer



650

Journal of Molecular Medicine (2022) 100:645-663

interleukin-17A (IL-17A), and interferon-gamma (IFN-vy)
protein levels in a single sample. BD CBA assays provide
a method of capturing a soluble analyte or set of analytes
with known size and fluorescence beads, making it pos-
sible to detect analytes using flow cytometry.

Each capture bead was conjugated with a specific anti-
body. The detection reagent provided in the kit is a mixture
of phycoerythrin (PE)-conjugated antibodies, which pro-
vides a fluorescent signal in proportion to the amount of
bound analyte. When the capture beads and detector reagent
are incubated with an unknown sample containing recog-
nized analytes, sandwich complexes (capture bead + ana-
lyte + detection reagent) are formed. These complexes were
measured using flow cytometry to identify particles with flu-
orescence characteristics of both the bead and the detector.

Statistical analysis

Statistical analysis was performed with GraphPad Prism 9.0
(GraphPad Software, San Diego, CA, USA). The Shapiro—Wilk
test tested normality. Outliers were excluded using the Grubbs
test. About the study’s variables, the differences between
COVID-19 patients and CT subjects were evaluated by unpaired
Student’s ¢ test or one-way ANOVA followed by the Tukey post
hoc test. The results were presented as the mean and standard
error. The differences in the probability of rejection of the null
hypothesis as less than 5% (p <0.05) were considered statisti-
cally significant.

Results

COVID-19 patients and control group clinical
characteristics

As we presented in Table 1, in brief, a total of 111 subjects
were included, 62 hospitalized patients with COVID-19, and
49 healthy controls. Of the 62 patients divided according to
range severity, 40 were moderate (64.52%) and 22 severe
(35.48%). All moderate cases were admitted in the infir-
mary, whereas in severe cases, 09 (40.91%) were admitted
in the infirmary and 13 (5§9.09%) in ICU. About the gen-
der, in moderate cases, 27 were female (67.50%) and 13
male (32.50%), whereas in severe cases, 14 (63.64%) were
male and 08 (36.36%) female. Dyspnea, cough, fever, body
weakness, myalgia, asthenia, diarrhea, airsickness and/or
vomit, and odynophagia were the reported symptoms, being
dyspnea and cough the most in both subgroups. The most
frequent comorbidities were overweight in both subgroups
(75% in moderate and 80% in severe cases).
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SARS-CoV-2 infection alters purinergic enzyme
activities in PBMCs and platelets

Enzymes of the purinergic system, such as E-NTPDase,
5'-NT, and ADA, have an essential role in alterations in the
extracellular levels of signaling molecules. ATP and Ado are
pivotal molecules and largely influence immune responses
in peripheral and central tissues. Thus, the hydrolysis of
nucleotides, including ATP, ADP, and AMP and the nucleo-
side Ado, was used to evaluate purinergic enzymes’ activi-
ties in PBMCs and platelets of COVID-19 patients and CT
subjects (Figs. 2, 3 and 4). In PBMCs (Fig. 2A-C), ATP
hydrolysis was decreased in COVID-19 patients compared
to CT (p<0.0001) (Fig. 2A), whereas AMP hydrolysis
was increased in COVID-19 patients compared to controls
(»<0.001) (Fig. 2C). However, no statistical difference was
observed for ADP hydrolysis comparing COVID-19 patients
to controls (Fig. 2B). In platelets (Fig. 2D—F), the changes
in ectoenzyme activities were more pronounced than in
PBMCs, showing a significant increase in ATP (p <0.01)
(Fig. 2D), ADP (p <0.001) (Fig. 2E), and AMP (p <0.0001)
(Fig. 2F) hydrolysis in COVID-19 patients compared to CT
subjects.

COVID-19 cases are often divided into moderate and
severe, depending on the characteristics of patients, as
severe cases can evolve to a more challenging clinical sce-
nario with the need for ICU. Thus, to understand whether
SARS-CoV-2 infection could trigger different responses in
COVID-19 patients in distinct disease conditions, we inves-
tigated in Fig. 3 the impact of COVID-19 disease severity
on ectoenzyme activities. According to the NIH and WHO
guidelines, patients were grouped into moderate and severe
cases and clinical conditions, together with disease out-
comes (See Table 1). The results in PBMCs of moderate
and severe COVID-19 patients (Fig. 3A—C), E-NTPDasel,
and 5'-NT activities presented similar results to Fig. 2A-C,
that is, ATP hydrolysis (Fig. 3A) was reduced in moderate
and severe COVID-19 cases. In contrast, AMP hydrolysis
(Fig. 3C) was increased in moderate and severe COVID-19
patients compared to the CT.

Looking at the results regarding ectoenzyme activities of
platelets from moderate and severe cases (Fig. 3D-F), ATP
hydrolysis (Fig. 3D) was increased in severe cases compared
to CT. ADP (Fig. 3E) and AMP (Fig. 3F) hydrolyses were
found to be significantly increased in both groups (moder-
ate and severe) compared to CT. Additionally, there was a
significant increase in ADP hydrolysis (Fig. 3E) in severe
cases compared to moderate cases.

Following the purinergic cascade, the activity of ADA
was also measured by the breakdown of its substrate, Ado.
Results showed that ADA activity was reduced in PBMCs
of COVID-19 patients compared to CT (p=0.03) (Fig. 4A).
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Fig.2 ATP, ADP, and AMP hydrolysis in PBMCs and platelets of
control subjects and COVID-19 patients. The E-NTPDasel activ-
ity was measured by the hydrolysis of ATP and ADP, whereas
the hydrolysis of AMP measured 5-NT. Data are presented as
the mean+SEM. Statistical analysis: Student’s ¢ test. Values with
p<0.05 were considered statistically significant. A A significant
reduction in ATP hydrolysis in patients’ PBMCs is visible; B an

However, this was the opposite in platelets as COVID-19
presented increased hydrolysis of Ado compared to CT
(p=0.0053) (Fig. 4B). Furthermore, looking at the results
of moderate and severe COVID-19 patients, we observed
an increase in ADA activity only in platelets of moderate
cases compared to CT (Fig. 4D). Regarding ADA activity in
PBMC:s, no significant differences were observed between
groups (Fig. 4C).

CD39 and CD73 expression is increased in total
leukocytes of COVID-19 patients

Additionally, to ectonucleotidase activities, we analyzed
CD39 and CD73 expression of COVID-19 patients and CT
by flow cytometry to assess possible alterations (Fig. 5).
Results showed a significant increase in CD39 (Fig. 5A)
and CD73 (Fig. 5B) expression, as well as in the number
of CD39 + (Fig. 5C) and CD73 + (Fig. 5D) cells from total
leukocytes samples of COVID-19 patients when compared

increase in ADP hydrolysis is observed in PBMCs from COVID-
19 patients; C AMP hydrolysis in PBMCs significantly higher
in patients; D in platelets from COVID-19 patients, a significant
increase in the hydrolysis of ATP, E ADP, and F AMP was observed.
** (p<0.01); *¥** (p<0.001); **** (p<0.0001). All indicate differ-
ences from the control group

to CT. Furthermore, we also looked at differences in CD39
and CD73 expression comparing moderate and severe
COVID-19 cases (Fig. SE-H). Both patients’ groups, mod-
erate and severe, presented an increased CD39 (Fig. 5E)
and CD73 (Fig. 5F) expression compared to CT. However,
only moderate COVID-19 cases presented increased num-
bers of CD39 + (Fig. 5G) and CD73 + (Fig. SH) cells when
compared to CT.

Extracellular ATP levels

To confirm the alterations in levels of ATP extracellular,
we measured by bioluminescence the levels of this nucleo-
tide in the extracellular microenvironment, and these are
present in Fig. 6. High levels of extracellular ATP were
found in COVID-19 patients compared to CT. When we
divide according to the severity levels, moderate cases
express significant increase.
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Fig.3 ATP, ADP, and AMP hydrolysis in PBMCs and platelets
of control subjects and moderate and severe COVID-19 patients.
The E-NTPDase activity was measured by the hydrolysis of ATP
and ADP, whereas the hydrolysis of AMP measured 5'-NT. Data
are presented as means+SEM. When patients are divided on their
severity, it is possible to highlight valuable findings. Thus, A shows
a more significant reduction in ATP hydrolysis in PBMCs in moder-
ate patients; B ADP hydrolysis levels in PBMCs are higher in severe

SARS-CoV-2 infection impacts cytokines levels
in COVID-19 patients

SARS-CoV-2 infection activates the immune system
leading to a robust inflammatory response [46—48]. Thus,
the levels of inflammatory mediators were analyzed in
COVID-19 patients. Figures 7 and 8 display the levels
of pro- and anti-inflammatory mediators investigated by
flow cytometry from serum samples of COVID-19 patients
and CT.

Figure 7A-F shows that COVID-19 patients presented
increased IL-6, IL-2, IL-10, and IL-17 compared to CT.
When looking at the results from moderate and severe
COVID-19 cases (Fig. 8A-F), IL-6 (Fig. 8B) and IL-10
(Fig. 8D) levels were significantly increased in both mod-
erate and severe COVID-19 cases when compared to
CT. However, IL-2 (Fig. 8C) and IL-17 (Fig. 8F) were
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patients; C as for AMP hydrolysis in PBMCs, it is also elevated in
COVID-19 patients with higher values in severe cases. In the analy-
sis of platelets, there is D an increase in ATP hydrolysis in criti-
cally ill patients, E a considerable increase in ADP in moderate and
severe patients, still relating these two groups significantly, and F an
increase in AMP hydrolysis in both groups significantly. * (p <0.05);
** (p<0.01); *** (p<0.001); **** (p <0.0001). All indicate differ-
ences between groups

significantly increased only in severe COVID-19 cases
compared to CT.

Discussion

There has been substantial research devoted to understand-
ing the pathophysiology of SARS-CoV-2 infection and
COVID-19. However, cellular signaling pathways, closely
associated with the immune system that may drive disease
progression and outcome, have not been assessed yet. Here,
for the first time, we provide robust evidence that COVID-
19 patients present alterations in purinergic signaling and
immune response, and both these seem to be correlated. This
data corroborates previous studies’ hypothesis, which sug-
gested a possible link between SARS-CoV-2 infection and
purinergic signaling [32-35, 49].
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Fig.4 ADA (adenosine deaminase—hydrolyzing adenosine) in
platelets and in PBMCs of control (CT) and patients with COVID-
19 (SARS-CoV-2). The assay is based on the direct measurement
of ammonia produced by adenosine deaminase through adenosine
breakdown. Results were expressed in units per liter (U/L). One unit
(1 U) of ADA is defined as the amount of enzyme required to release
1 mmol of ammonia per minute from adenosine at standard assay
conditions. Data are presented as mean+ SEM (standard error of the
mean). ADA activity showed A a reduction in PBMCs from COVID-

In this context, inflammation has been recognized as a
hallmark in COVID-19, and evidence supports that the mag-
nitude of inflammatory responses and CS are directly related
to the severity of the disease [50]. Thus, COVID-19 patients
were divided into moderate and severe cases according to the
clinical characteristics of patients and NIH [38] and WHO
[39] guidelines to elucidate a possible linkage between the
changes observed in purinergic system components with
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19 patients and B a significant increase in platelets. When divided
into clinical severity, C moderate patients had a reduction in ADA
from PBMCs, but without reaching statistical significance; and D in
platelets, moderate patients had significantly increased ADA activity.
Graphs A-B: Statistical analysis: Student’s ¢ test. Graphs C-D: Statis-
tical analysis: one-way ANOVA followed by Tukey post hoc test. Val-
ues with p <0.05 were considered statistically significant. * indicates
a significant difference from the control group (p <0.05); ** indicates
a significant difference from the control group (p <0.01)

the immune system alterations and the damage caused by
COVID-19. From this, we found significant alterations in
purinergic signaling, specifically in ectoenzyme activities
both in PBMCs and platelets, displayed by the differences in
the levels of signaling molecules, in the expression of CD39
and CD73 of total leukocytes, and in levels of extracellular
ATP and cytokines of COVID-19 patients (see Figs. 2, 3, 4,
5, 6, 7 and 8).
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Fig.5 CD39 and CD73 expression in total leukocytes of control
subjects and COVID-19 patients. Flow cytometry was employed to
assess CD39 and CD73 expression (displayed as the median fluores-
cence intensity MFI) and the % of CD39 +and CD73 +cells. Data are
presented as mean +SEM (standard error of the mean). Representa-
tive flow cytometry histograms show gating with antibodies against
CD45 (common leukocytes antigen) and staining with CD39 APC
and CD73 PE (A). The enzymatic expression of CD39 (B) and CD73
(C) was significantly elevated in COVID-19 patients. The percentages
of CD39 (D) and CD73 (E) on cells were also significantly increased

Therefore, one of the relevant aspects of our study is the
relationship between disease severity and patient gender.
According to our statistical data, men are more likely to
develop a severe form of COVID-19, as in other studies,
confirming this finding, since, analyzing 239,709 patients in
Italy, the lethality was 17.7% in men and 10.8% in women,
with 59% of all deaths being men [51]. Data from the WHO
and Chinese scientists show that in all cases, 2.8% of men
infected with SARS-CoV-2 have a fatal outcome, compared
to about 1.7% of women. Additionally, data from hospitals in
Hong Kong state that 32% of male patients with COVID-19
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in COVID-19 patients. In subgroups, both, moderated and severe,
showed increased expression of CD39, being more significant in
moderate patients (F); CD73 expression was significantly increased
in both patient groups (G). The percentage of CD39 (H) and CD73
(I) on cells was significantly increased in moderate patients. Graphs
B-E: Statistical analysis: Student’s ¢ test. Graphs F-G: Statistical
analysis: one-way ANOVA followed by Tukey post hoc test. Values
with p <0.05 were considered statistically significant. * (p <0.05); **
(p<0.01); *** (p<0.001); **** (p<0.0001). All indicate significant
differences from the control group

need intensive care or have died, while 15% of female
patients need this demand [52].

There are hypotheses in the literature about a greater
susceptibility to infection related to gender or determi-
nants related to sex that can worsen prognosis. On the one
hand, estrogen, the inactivation of the X chromosome or
reduced methylation, may increase the expression of ACE2
in women, balancing the physiology of the renin-angiotensin
system (RAS) regulatory axis by the availability of ACE2.
Furthermore, low androgen levels in women can regu-
late low levels of TMPRSS2 expression. Considering the
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dependence of both structures for SARS-CoV-2 infection is
understood how these changes are protective [51].

Older age, male gender, comorbidities such as cardiovas-
cular disease or hypertension, and diabetes and obesity were
identified as risk factors for more severe COVID-19 [53,
54]. Furthermore, as COVID-19 has been closely associ-
ated with thrombotic events, clinical evidence demonstrates
that cardiovascular events are more prevalent in men than
women [55, 56] and greater reactivity platelet count in men
than in women [57]. Women have higher CD3 + cells than
men, closely associated with the results, mainly deviating
from the more significant helper T cells [58]. The positive
influence of the female gender on the level of CD4 + cells in
human peripheral blood is well known [59, 60].

But, the more important point of this study is the puriner-
gic signaling in COVID-19, which has not been evidenced
until now. Thus, considering that the nucleotides and
nucleosides constitute paramount signaling molecules in
purinergic-mediated reactions [61], we looked for the out-
comes of this molecule’s hydrolysis of COVID-19 patients
and detected that there was a significant decrease in ATP
(Fig. 2A) and an increase in AMP (Fig. 2C) hydrolysis in
PBMC:s. In platelets, the hydrolysis of ATP, ADP, and AMP
nucleotides was increased compared to the CT (Fig. 2D-F).

In the subgroups, we identified that the reduced ATP
hydrolysis in PBMCs was considerably higher in moderate
patients (Fig. 3A). In contrast, patients with severe cases had
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Fig.7 Cytokines levels in control subjects and COVID-19 patients.
Flow cytometry was employed to assess the alterations in the concen-
tration (pg/mL) of inflammatory markers in serum samples. Data are
presented as mean+SEM. In COVID-19 patients, when compared
to controls, there is no difference between groups in IFN-y (A); a
significant increase in IL-6 (B), IL-2 (C), IL-10 (D), and IL-17 (F);

no difference between groups in TNF-a (E). Graphs A-F: Statistical
analysis: Student’s ¢ test. Values with p<0.05 were considered sta-
tistically significant. * (p <0.05); ** (p<0.01); *** (p <0.001); ****
(p<0.0001). All indicate significant differences from the control

group
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Fig.8 Cytokines levels in control subjects and moderate and severe
COVID-19 patients. Flow cytometry was employed to assess the
alterations in the concentration (pg/mL) of inflammatory markers in
serum samples. Data are presented as mean+SEM. A No difference
between groups and subgroups in IFN-y; B a significant increase in
IL-6 in both patient groups, but higher in moderate subgroup; C a
significant increase in IL-2 in severe patients than the control group;

higher levels of AMP hydrolysis in PBMCs than in moderate
ones (Fig. 3C). Moderate patients presented ATP increased
(Fig. 3A), which could be responsible for a possible disease
progression and AMP hydrolysis in critical cases to increase
Ado levels and reduce exacerbated inflammation [62]. Fur-
thermore, the AMP consumption increases the Ado product,
which acts in an immunosuppressive manner [63]. However,
reducing ATP hydrolysis results in greater nucleotide avail-
ability, which is associated with a proinflammatory environ-
ment. On the other hand, in platelets, when comparing mod-
erate and severe COVID-19 patients, the most significant
expression of these numbers was in the severe subgroup.
Although the ATP hydrolysis was not significant in moder-
ate patients, ADP and AMP hydrolysis in platelets showed
significant results in both subgroups of patients (Fig. 3D-F).
This result suggests that the body regulates thrombus forma-
tion, given the activity of AMP and Ado on platelet aggrega-
tion. Furthermore, evidence indicates more reactive plate-
lets in patients with COVID-19, contributing to the different
reports of thrombotic risk in the disease [64—66].
Following the above data, in platelet activation, ADP
acts on the recruitment and activation of platelets, while
ATP can activate polymorphonuclear cells (PMN) [67].
With the hydrolysis of these nucleotides, AMP controls the
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D a significant increase in IL-10 in both patient groups; E no sig-
nificant difference between groups in TNF-a; F a significant increase
in IL-17 in the severe cases of COVID-19. Graphs A-F: Statistical
analysis: one-way ANOVA followed by Tukey post hoc test. Values
with p <0.05 were considered statistically significant. * (p <0.05); **
(»p<0.01); *** (p<0.001); **** (p <0.0001). All indicate significant
differences from the control group

microthrombus formation and oxidative stress in the inflam-
matory microenvironment. Finally, the end product of the
enzymatic activity, Ado, is responsible for platelet inhibi-
tion by reducing free radicals and acting as a vasodilator in
microvascular beds [68].

Since the detection that the nucleotides and nucleo-
sides hydrolysis have been altered, we followed by search-
ing whether the expression of CD39 and CD73 also was
changed and, as presumed, both were significantly higher in
total leukocytes of patients with COVID-19 compared to the
controls. When separated by the severity of the condition,
patients with moderate clinical features had higher levels
(Fig. 5A-H). Few papers had demonstrated the expression
of these ectoenzymes in COVID-19, including Ahmadi
et al. [69] that showed no differences in the expression of
CD39 and CD73 in lymphocytes in COVID-19 patients. It
is important to highlight that here results presented, by the
alterations in ectoenzyme activities and expression, suggest
that purinergic signaling is strongly related with physiopa-
thology in SARS-CoV-2 infection and consequently in the
COVID-19.

Considering other disease contexts, some papers have
shown increased activity and expression of CD39 on
lymphocytes from individuals infected with the human
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immunodeficiency virus (HIV), in Tregs cells expression of
HIV-infected individuals, and in cytomegalovirus infection
[70-73]. This fact seems to be connected with the role of
immune response in the virus infections to regulation, such
as SARS-CoV-2. The CD39-CD73 axis hydrolytic action on
purinergic cascade has been shown as an essential immu-
noregulatory effect, given the Ado production by a break-
down of the ATP to pre-anti-inflammatory molecules, the
ADP and AMP [74].

ADA, an end enzyme of purinergic cascade responsible
for the hydrolysis of Ado into inosine, is closely associated
with improvements in inflammatory conditions and ARDS
present in severe cases of COVID-19 [75]. In view of this
point, we looked for ADA activity alterations and detected
increased activity in platelets and a decrease in PBMCs com-
pared to the control. The moderate subgroup of platelets
had increased in activity, whereas in other subgroups, no
statistical significance was observed in COVID-19 patients
(Fig. 4A-D). Ado plays a crucial role in regulating the
interaction between lymphocytes and controlling lympho-
cyte traffic in response to tissue injury or infection. Thus, a
reduction in ADA activity can provide higher levels of Ado
[70]. From this perspective, considering the high lympho-
cyte activity during the infection, this reduction could be
associated with an attempt at immune regulation. Thereby,
the nucleoside could act not only on immune cells but also
on the T cell receptor (TCR) since, by activating adenosine
receptors, it can modulate its activity [76].

Otherwise, evidence indicates that ADA could compete
with SARS-CoV-2 for binding to the CD26 receptor [76],
acting in a non-enzymatic way in physical protection against
viral infection. Its expression in platelets is closely associ-
ated with Ado consumption resulting from increased nucleo-
tide hydrolysis by ADA. Although Ado is associated with
reduced platelet activation, decreased thrombosis, and atten-
uation of inflammation [76], this increased activity is under-
standable due to the high levels of hydrolyzed nucleotides.

Considering the all find as mentioned above and the
importance of ectoenzymes in purinergic signaling, due to
potential hydrolysis of ATP to Ado, which may attenuate the
inflammatory process [77], few studies have reported that
the role of ectonucleotidases in COVID-19 and, specifically,
knowledge about these enzymes in PBMCs and platelets is
scarce. Thus, it is essential to highlight that we are the first
research team to show that significantly ectonucleotidase
activities and expression are altered in PBMCs and platelets
of patients with COVID-19.

In addition to all previous admeasurement purinergic-
related signaling, we also quantify the ATP extracellular
levels. This approach is justified from ATP can function as
a DAMP [69, 78], and the activation of purinergic recep-
tors, notably P2X7, can trigger a cascade of reactions that
culminate in the release of inflammatory cytokines and

cellular apoptosis [79, 80]. Furthermore, the excessive
permanence of ATP in the outside environment may gener-
ate an uncontrolled activation of the immune system [81],
triggering a CS, characterized by the exacerbated release
of inflammatory mediators, including IL-18, GMCSF, IFN-
y, IL-10, IL-2, IL-6, IL-17, and TNF-a [82]. Interestingly,
we detected high levels of extracellular ATP in COVID-19
patients compared to CT, and moderate was the subgroup
that expressed significant increases (Fig. 6).

Upon cellular damage caused by infection processes such
as COVID-19 that recruit the immune system and may gen-
erate extensive inflammatory reactions, intracellular ATP
may be released to the extracellular milieu, mainly through
cell lysis or cell channels such as pannexin-1, operating as
a signal activating purinergic receptors, such as the P2X7,
expressed on immune cells such as neutrophils, eosinophils,
monocytes, macrophages, mast cells, and lymphocytes [81].
It is important to highlight that pannexin-1 is involved in
amplifications of P2X7 activation due to the release amount
of ATP in the extracellular environment in response to viral
infections [83].

In view of pleiotropic actions of extracellular, an interest-
ing paper recently published by Abraham et al. [84] showed
that oral ATP supplementation may benefit general patients
with COVID-19. Evidence indicated that cystic fibrosis (CF)
patients have elevated blood and extracellular ATP, due to
release through the pannexin-1 membrane bound protein in
both RBCs and epithelial cells that is modulated by cystic
fibrosis transmembrane conductance regulator (CFTR).
Several studies have demonstrated that patients with CF,
although somewhat more susceptible to SARS-CoV-2
infection, demonstrate a survival rates in the face of infec-
tion. These findings served as clues for testing the effects
of ATP supplementation for elderly SARS CoV-2 infected
individuals. Increasing ATP levels in these age ATP depleted
individuals is postulated to promote an effective immune
response after infection with SARS-CoV-2. The depleted
ATP levels correlated with increasing an aging in the gen-
eral population is associated with diminished immune
responses, as well as causing muscle fatigue and breathing
problems. These hypotheses were tested in a pilot clinical
trial. Elderly COVID-19-positive individuals taking between
1.2 and 1.6 g of oral ATP daily had an improved COVID-
19 survival compared to comparable elderly individuals
without ATP supplementation. It is suggested that there is
micro clot attenuation and tissue regeneration achieved by
mimicking ATP-metabolism similar to that observed in CF
individuals. The authors recommended that elderly individu-
als exposed to COVID-19 should be started on low-dose
ATP consumption. Full-dose ATP should be administered
to elderly individuals testing positive for COVID-19. Early
ATP supplementation in positive COVID-19 cases led to
rapid clearance of the SARS-CoV-2. ATP supplementation
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should be reduced and discontinued within 1 to 2 months of
the viral clearance. With prolonged ATP supplementation
in the elderly, there is risk of systemic uric acid buildup of
and gout.

One of the characteristics of critically ill patients with
COVID-19 is the increase in proinflammatory cytokines
such as IL-6, TNF, IL-1, IL-2, IL-17, IFN-y, G-CSF, MCP-
1, and IP-10. These seem to be higher in critically ill patients
who still have low T, B cells and natural killer (NK), further
aggravating ARDS [85]. In addition, Shi et al. [86] observed
an increase in IL-10 and IL-6 in critically COVID-19
patients with pneumonia. Thus, due to the literature hypoth-
eses about the ATP-CS axis, as presented above, finally,
we looked for this linkage between the purinergic signal-
ing and CS from an immune response. Thus, we confirmed
in our study a considerable increase in IL-6, IL-17, IL-10,
and IL-2, whereas no statistical significance was observed
for IFN-y and TNF-a when comparing COVID-19 patients
to the controls. Still, we divided the COVID-19 patients
for severity, being that both moderate and severe patients
showed IL-6 (Figs. 6B and 7B), IL-17 (Figs. 6F and 7F),
IL-10 (Figs. 6D and 7D), and IL-2 (Figs. 6D and 7D) with
statistically significant results compared to controls. In the
same way, I[FN-y (Figs. 6A and 7A) and TNF-a (Figs. 6E
and 7E) have no significance when divided into subgroups.

The IL-6, an important proinflammatory mediator, plays a
central role in inducing the acute phase response [87], being
that different studies relate IL-6 levels with early cases of
lung injury and predictive factors for prolonged mechanical
ventilation, organ dysfunction, morbidity, and mortality in
lung diseases [88, 89]. Besides, there may be a relationship
between IL-6 levels and SARS-CoV-2 infection, since the
structural protein N of the coronaviruses, which acts directly
on the entry of the virus into the host cell, works by increas-
ing the expression of IL-6 in human airway epithelial cells
[90]. Thus, our results showed high levels of IL-6, however,
more significant in moderate patients and a considerable
reduction in severe patients. These results may be related
to the viral induction itself, by the action of other cytokines
on IL-6, or even an organic attempt to reduce exacerbated
inflammation.

Together with IL-6 stimulation itself, the extracellular
ATP released during T cell activation can increase IL-2 pro-
duction [91], confirming the values detected in our study.
Thus, IL-2, known as the T cell growth factor, is produced
mainly by activated CD4 +T cells and CD8 +18—21 T
cells. Therefore, high concentrations of this cytokine are
responsible for activating CD4 T cells+and CD8 +. On the
other hand, low concentrations are responsible for inhibit-
ing these cells by maintaining the activity and survival of
Treg cells [92]. Our results showed an increase in IL-2 in
severe cases when compared to moderate ones. The cytokine
specificity can explain this, and its high levels in patients
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with COVID-19 may indicate T cell activation, which occurs
more significantly in critical cases.

Interestingly, in this context, a research team explored the
regulatory effects of adenosine on inflammatory mediators.
Through a single-center case—control study of 24 enrolled
subjects with SARS-CoV-2 infections confirmed by RT-
PCR, researchers applied a new off-label therapeutic treat-
ment using deliberately inhaled adenosine (Krenosin®) in
COVID-19 patients parallel to another standard therapeutic
protocol, with the aim of reducing inflammation, the appear-
ance of CS, and, therefore, improving the prognosis. The
dosage used was 9 mg every 12 h for the first 24 h, and,
subsequently, every 24 h for 5 days. Surprisingly, there has
been, among others, a reduction in the severity of inflam-
mation and the time for the occurrence of lung injuries [93].
These data once again confirm the involvement of puriner-
gic signaling in the pathophysiology of COVID-19 and as a
promising therapeutic target.

Another cytokine with high levels is IL-17, producing
proinflammatory cytokines, such as IL-1p, IL-6, and TNF-a
[94]. These values stand out in severe patients and may indi-
cate an exacerbation of the CS and a worsening of the prog-
nosis, as it acts on the recruitment of neutrophils to the lungs
and organ dysfunction in ARDS. Furthermore, these levels
are directly associated with IL-6 activity, a fact confirmed
by Hou et al. [95], who found in murine viral models that
the excessive level of IL-6 promotes the generation of Th17
cells. These cells release IL-6 and IL-17, cytokines that
synergistically promote viral persistence, protecting virus-
infected cells from apoptosis.

In contrast, a molecule produced mainly by CD4 +T
cells, which is a master regulator of immunity to infection,
is the anti-inflammatory cytokine IL-10 [96]. However,
recent findings indicate that a high level of exogenous IL-10
promotes cytotoxicity of CD8 + T cells and an intermediate
level of endogenous IL-10 induces depletion of CD8+T
cells in the tumor [97]. In addition, IL-10 can inhibit IL-2
secretion, which could explain the reduction in IL-2 in mod-
erate patients, associated with higher IL-10 values. Gong
et al. [98] demonstrated that although IL-2R and IL-10
levels were associated with disease severity, they mainly
contributed to the inhibition of the inflammatory response.
Consequently, this hypothesis further developed the idea that
it might suggest the simultaneous inflammatory and anti-
inflammatory reaction.

The maximum antiviral activity of T cells during acute
infection coincides with the maximum anti-inflammatory
expression of IL-10, suggesting that a super aggressive
adaptive immune response is already counterbalanced
during the viral clearance phase and does not necessarily
arise as a result of tissue damage. Confirming this hypoth-
esis, we observed that IL-10 is elevated in both groups
of patients with COVID-19, as shown in another study
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[99]. However, some previous studies with viral infections
have increased immunosuppressive molecules as a tactic
of the virus itself [100]. Thus, the increase in the local
production of adenosine, associated with the upstream of
ectonucleotidases, generates an immunosuppressive and
antithrombotic microenvironment, which allows the virus
to enter the target cell [62] more easily.

Considering pandemic status, several research teams
have spared no effort to look for new strategies to mitigate
this situation, and purinergic modulation is widely high-
lighted in the literature for its therapeutic potential in this
context. Thus, we found significant findings that confirm
the alterations in the purinergic signaling and immune
response in COVID-19, and both seem to be correlated.
Besides, it became more evident that the range of severity
directly impacts these alterations. Our study supports the
previous hypothesis that the purinergic system may target
SARS-CoV-2 and future disease treatments. Finally, we
suggest that new studies must be developed to comple-
ment and ensure the purinergic pathway clinical applica-
tion effectively for COVID-19.
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