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CD73 Rather Than CD39 Is Mainly
Involved in Controlling Purinergic
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Disease

Igor Kudryavtsev'2, Maria Serebriakova’, Ekaterina Zhiduleva?®, Patimat Murtazalieva?®,
Vladislav Titov®, Anna Malashicheva?, Anastasya Shishkova?, Daria Semenova?,
Olga Irtyuga?®, Dmitry Isakov#, Lubov Mitrofanova?, Olga Moiseeva?® and Alexey Golovkin3*

T Institution of Experimental Medicine, St. Petersburg, Russia, 2 Far Eastern Federal University, Viadivostok, Russia, ¢ Almazov National
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The study aimed to compare composition of peripheral blood T-cell subsets and
assess their surface expression of CD39 and CD73 ectonucleotidases in patients
with severe and moderate aortic stenosis (AS) as well as to evaluate involvement of
T-cell-mediated immune processes in valve calcification. The study was performed
with 38 patients suffering from severe calcified aortic stenosis (SAS), 33 patients
with MAS, and 30 apparently healthy volunteers (HVs). The relative distribution and
percentage of T-cell subsets expressing CD39 and CD73 were evaluated by flow
cytometry. T helper (Th) and cytotoxic T-cell subsets (Tcyt) were identified by using
CD83, CD4, and CD8 antibodies. Regulatory T cells (Tregs) were characterized by the
expression of CD3, CD4, and high IL-2R alpha chain (CD25high) levels. CD45R0 and
CD62L were used to assess differentiation stage of Th, Tcyt, and Treg subsets. It
was found that MAS and SAS patients differed in terms of relative distribution of Tcyt
and absolute number of Treg. Moreover, the absolute number of Tcyt and terminally
differentiated CD45RA-positive effector T-cells (TEMRA) subset was significantly
higher in SAS vs. MAS patients and HVs. However, the absolute and relative number
of naive Th and the absolute number of Treg were significantly higher in MAS vs. SAS
patients; the relative number of naive Tregs was significantly (p < 0.01) decreased
in SAS patients. It was shown that CD73 expression was significantly higher in SAS
vs. MAS patients noted in all EM, CM, TEMRA, and naive Th cell subsets. However,
only the latter were significantly increased (p = 0.003) in patients compared with
HVs. SAS vs. MAS patients were noted to have significantly higher percentage of
CD73+ EM Teyt (p = 0.006) and CD73+ CM Teyt (p = 0.002). The expression of
CD73 in patients significantly differed in all three Treg populations such as EM (p =
0.049), CM (p = 0.044), and naive (p < 0.001). No significant differences in CD39
expression level was found in MAS and SAS patients compared with the HV group.
Overall, the data obtained demonstrated that purinergic signaling was involved in
the pathogenesis of aortic stenosis and calcification potentially acting via various cell
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types, wherein among enzymes, degrading extracellular ATP CD73 rather than CD39

played a prominent role.

Keywords: calcified aortic stenosis, T-cells (or lymphocytes), purinergic signaling, calcification, CD39 and CD73

expression

INTRODUCTION

A significant number of studies have been recently published
evidencing about an important role played by the receptors
for extracellular ATP and its metabolites as well as enzymes
involved in regulating their metabolism in vascular and heart
valve calcification (Fish et al., 2013; Towler, 2017; Dou et al.,
2018; Golovkin et al., 2018; Kaniewska-Bednarczuk et al., 2018).
Previously, it was shown that various receptor isotypes specific
to extracellular adenosine (P1 family) and ATP (P2X and P2Y
families) were found on smooth muscle cells, the major cell type
involved in formation of calcium depositions in the vascular wall
(Fish et al., 2013). Nucleotides, in turn, present in extracellular
space able to activate P1 and P2 purinergic receptors, are
metabolized by a several enzymes acting on ATP and its
derivatives. In particular, CD39 (E-NTPDasel—ectonucleoside
triphosphate diphosphohydrolase 1) cleaves ATP to two AMPs
and two phosphate molecules; the latter is now considered as one
of the major cues promoting tissue hydroxyapatite deposition
(Fish et al., 2013). Another phosphate molecule is generated by
CD73 (Ecto5'NTase—ecto-5"-nucleotidase) converting AMP
to adenosine (Fish et al., 2013). Inorganic pyrophosphate (PPi)
formed during AMP synthesis mediated by ectonucleotide
pyrophosphatase/phosphodiesterase (ENPP) represents a
potential inhibitor of hydroxyapatite deposition and subsequent
tissue calcification (Fish et al., 2013).

In connection with this, investigating the expression of
molecules involved in ATP metabolism during vascular and
heart valve calcification potentially underlying its pathogenesis
is of high priority.

Furthermore, morphology and biochemical examination of
the pig aortic valves demonstrated that CD39 and CD73 were
upregulated in both endothelial and interstitial cells (Kaniewska et al.,
2014). Culturing endothelial and interstitial cell lines added with
nucleotides revealed that CD73 product formation was accelerated
in interstitial cells compared with endothelial cells, whereas CD39
activity showed an opposite pattern (Kaniewska et al., 2014).

In addition, CD39 and CD73 are widely expressed by immune
cells (Bono et al.,, 2015; Borg et al., 2017; Zhao et al., 2017a).
Purinergic regulation plays a crucial role in T-cell functioning.
For instance, ATP is involved in controlling regulatory T-cell
differentiation and functional activity. Moreover, low ATP
level activates whereas its high amount and prolonged P2X7
stimulation trigger pore formation and T-cell apoptosis
(Trabanelli et al., 2012). In turn, adenosine exhibits opposite
effects on T cells by suppressing functional activity of some
T-cell subsets primarily targeting Th17 cells (Faas et al., 2017)
but activating regulatory T cells. Moreover, down-modulated
IL-2 production is solely mediated by adenosine resulting in

suppressed proliferation and differentiation of naive T cells
towards Thl and Th2 cells in lymphoid tissues (Csoka et al.,
2008). Apart from that, adenosine may block TCR signaling after
elevating cAMP level via A2A receptor stimulation (Stagg and
Smyth, 2010). Meanwhile, A2A receptor has been identified as
the major anti-inflammatory adenosine receptor associated with
T cells (Ohta and Sitkovsky, 2001).

Thus, a role played solely by nucleotides as well as purine
receptors found in connective tissue cells and lymphocytes
egressing from the circulation seems to be important in the
pathogenesis of great vessel and heart valve calcification. Moreover,
detection of activated T cells in peripheral blood correlating with
the level of aortic valve calcification additionally pointed at the
close relationship between circulating immune cells and processes
occurring in an inflamed aortic tissue (Winchester et al., 2011).
In addition, a number of highly differentiated CD3+CD8+ T cells
was increased in these patients, whereas a high number of mature
CD28-negative cytotoxic T cells was found microscopically in foci
of calcification (Winchester et al., 2011).

Thus, the current study was aimed to compare composition of
peripheral blood T-cell subsets and assess their surface expression
of CD39 and CD73 ectonucleotidases in patients with severe and
moderate aortic stenosis (AS) as well as to evaluate involvement
of T-cell-mediated immune processes in valve calcification.

MATERIALS AND METHODS

The current study was performed with 38 patients suffering from
severe calcified aortic stenosis (SAS) undergoing surgical heart
valve replacement and 33 patients with moderate AS (MAS)
undergoing nonsurgical treatment. Surgical and nonsurgical
treatment and follow-up were performed at the Almazov
National Medical Research Centre.

All patients underwent comprehensive two-dimensional and
Doppler transthoracic echocardiography by using Vivid 7.0 system
(GE, USA), according to the current ECHO guidelines. The criteria
for severity of aortic valve stenosis included aortic valve area (AVA,
cm?) calculated by using continuity equation; AVA indexed for
body surface area (AVA/BSA, cm?/m?); and mean transvalvular
pressure gradient and peak aortic jet velocity (Vmax).

A multislice spiral computed tomography with Agatston
calcium scoring was performed to assess calcium deposits in the
heart valves of MAS patients (Falk et al., 2017), reaching 993 (456;
1,968) and 886 (492; 1,229) in males and females, respectively.

Clinical characteristics of patients are presented in Table 1.

In the comparison group, 30 apparently healthy volunteers
(HVs) were enrolled. Due to a limited number of subjects older
than 60 lacking signs of any chronic disorder, subjects older than
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TABLE 1 | Clinical and hematological characteristics of subjects in various groups.

Severe stenosis

Moderate stenosis

Healthy volunteers

(n =38) (n =33) (n =30)
Age, years 62.5 (57; 66)N 63 (56; 67)A 53 (52; 58)
Male/female ratio 23/15 17/16 18/12
BMI (body mass index), kg/m? 27.9 (25.3; 33.1) 28.1(15.7; 31.9)
Arterial hypertension, % 30 (78.9%) 29 (87.9%)
Diabetes mellitus, % 16 (42.1%) 6 (18.2%)
Ischemic heart disease 16 (42.1%) 7 (21.2%)
Mean aortic valve gradient, mm Hg 48.3 (44.0; 54.9)* 20.0 (14.0; 27.0)*
Vmax, m/s 4.56 (4.30; 5.03)* 2.90 (2.47; 3.30)"
AVA, cm? 0.78 (0.70; 0.80)* 1.40 (1.00; 1.70)*
Left ventricle mass index, g/m? 179 (145; 274)* 128 (106; 158)*
Ejection fraction, % 63 (46; 67) 65 (58; 67)
C-reactive protein, mg/L 3.49 (1.15; 6.69) 1.90 (1.38; 3.44)
Cholesterol, mmol/L 4.63 (4.21; 6.21) 5.24 (4.49; 5.79)
WBC, x10° 6.85 (5.82; 8.03) 6.69 (5.52; 7.84) 6.90 (6.30; 9.10)
Lymphocytes, x10° 2.03(1.50; 2.40) 2.17 (1.81; 2.39) 1.54 (1.20; 2.41)
Monocytes, x10° 0.55 (0.42; 0.66)* 0.44 (0.37; 0.52)* 0.61(0.48; 0.64)
Neutrophils, x10° 3.72 (3.36; 4.69) 3.73(2.89; 4.44) 4.10(3.71; 4.53)
Eosinophils, x10° 0.10(0.07; 0.17) 0.15 (0.08; 0.20) 0.16 (0.12; 0.28)
Basophils, x10° 0.07 (0.05; 0.10) 0.07 (0.05; 0.10) 0.11(0.09; 0.15)

*0 < 0.01, severe calcified aortic stenosis (SAS) vs. moderate aortic stenosis (MAS) comparison.

Ap < 0.01, patient group vs. healthy volunteers (HV) comparison.

49 were used as one of the inclusion criteria. Therefore, patients
and HVs were significantly age mismatched.

The clinical research protocol was approved by the local Ethics
Committee of the Almazov National Medical Research Centre
(protocol #83, May 16, 2016) and complies with the Declaration
of Helsinki. All patients provided written informed consent.

Histological and Immunohistochemical
Analyses of Excised Aortic Valves

Excised aortic valves from the patients with severe aortic stenosis
were collected after surgical heart valve replacement. Tissue
samples were fixed in 10% buffered formalin and embedded in
paraffin after the decalcination. Sections (2 pm thick) were stained
with hematoxylin and eosin, and by van Gieson. Specimens
were examined with computer-assisted morphometric analysis
using the Leica LAS Image Analysis System (Leica QWin Plus
v3, Leica Microsystems Imaging Solutions Ltd, Cambridge, UK).
The amount of calcium within each sample was assessed at 200x
magnification and calculated at 10 fields of view by a single
investigation.

According to the amount of calcium measured by
pathomorphological slides, all the samples were rated using the
following scale: 1—mild calcification, 2—moderate calcification,
3—strongly pronounced (subtotal) calcification, and 4—total
calcification. Thus, the pathomorphology study of excised heart
valves showed that 4 patients had moderate, 24 had subtotal, and
10 had total calcinosis in heart cusps containing calcium deposits.

Aortic valve infiltration of inflammatory cells was examined
immunohistochemically using polyclonal anti-human antibodies
to CD3 (Dako Denmark A/S, Glostrup, Denmark) and
monoclonal anti-human antibodies to CD39 (BioLegend, Inc.,
USA) and to CD73 (BioLegend, Inc., USA). Cell count was

performed separately for CD3-, CD39-, and CD73-positive cells
at 200x magnification and calculated as a mean cell count per
1 mm? at 10 fields of view.

Blood Sample Collection and Preparation
Cubital vein samples from patients and healthy donors were
collected into test tubes added with K,EDTA. Clinical blood
analysis was performed by using Cell-DYN Ruby Hematology
Analyzer (Abbot, USA).

The relative distribution and percentage of T-cell subsets
expressing CD39 and CD73 were evaluated by flow cytometry
and previously described (Nurkhametova et al., 2018). In brief,
100 ul of peripheral blood was stained with the following anti-
human antibody cocktail: CD39-FITC (clone Al, cat. 328206,
BioLegend, Inc., USA), CD25-PE (clone B1.49.9, cat. A07774,
Beckman Coulter, USA), CD62L-ECD (clone DREG56, cat.
IM2713U, Beckman Coulter, USA), CD45R0-PC5.5 (clone
UCHLI, cat. IM2712U, Beckman Coulter, USA), CD4-PC7
(clone SFCI12T4D11 (T4), cat. 737660, Beckman Coulter,
USA), CD8-APC (clone B9.11, cat. IM2469, Beckman Coulter,
USA), CD3-APC-Alexa Fluor 750 (clone UCHT]1, cat. A94680,
Beckman Coulter, USA), CD73-Pacific Blue (clone AD2, cat.
344012, BioLegend, Inc., USA), and CD45-Krome Orange
(clone ]33, cat. A96416, Beckman Coulter, USA). Staining
protocols were performed in accordance with the manufacturer’s
recommendations. Optimal combinations of antibodies directly
conjugated with various fluorochromes were used according
to Mahnke et al. (Mahnke and Roederer, 2007). Samples were
stained with antibodies in the dark, at room temperature, for
15 min. After that, red blood cells were lysed by adding 975 ul of
VersaLyse Lysing Solution (cat. A09777, Beckman Coulter, USA)
supplied with 25 ul of IOTest 3 Fixative Solution (cat. A07800,
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Beckman Coulter, USA) in the dark, at room temperature, for
15 min. Then, all samples were washed once with PBS for 7 min
by centrifuging at 330g. Next, cells were resuspended in 250 ul of
PBS supplied with 2% neutral formalin (cat. HT5011-1CS, Sigma-
Aldrich Co., USA) and subjected to flow cytometry analysis by
using Navios 3/10 flow cytometer equipped with 405-, 488-, and
638-nm diode lasers (Beckman Coulter, USA).

Flow Cytometry Analysis

Gating strategy used for evaluating T-cell subset distribution is
presented in Figure 1 (Supplementary Information). T helper
(Th) and cytotoxic T-cell subsets (Tcyt) were identified by using
mouse anti-human CD3, CD4, and CD8 antibodies, as follows: Th
cells were defined as CD3+CD4+ T cells; Teyt, as CD3+CD8+ T
cells. Regulatory T cells (Tregs) were characterized by expression
of CD3, CD4, and high IL-2R alpha chain (CD25high) levels
(Garcia Santana et al., 2014).

Further, markers CD45R0 and CD62L were used to assess
differentiation stage of Th, Tcyt, and Treg subsets. In particular,
by co-staining with protein tyrosine phosphatase short isoform
CD45R0 and adhesion molecule L-selectin (CD62L), T cells can
be subdivided into naive (naive, CD45R0-CD62L+), central
memory (CM, CD45R0+CD62L+), effector memory (EM,
CD45R0+CD62L-), and terminally differentiated CD45RA-
positive effector T cells (TEMRA, CD45R0-CD62L-). Finally,
the expression of CD39 and CD73 was evaluated in all T-cell
subsets mentioned above. Gaiting strategy (Supplementary
Figure 1) applied in the study was described previously in detail
(Golovkin et al., 2017; Nurkhametova et al., 2018).

Examination of Purinergic Signaling
Enzymes in Interstitial Cells Derived from
Calcified Aortic Valves

Patients with severe aortic stenosis underwent surgical heart valve
replacement. Primary interstitial cells were obtained from the
leaflets of the excised heart valves, isolated by using collagenase,
and cultured until confluent monolayer as it is previously described
(Kostina et al., 2018; Malashicheva et al., 2018). Cells obtained after

passages 2—4 were used in further experiments. For this, 12-well
plates were seeded with 160,000 cells/well followed by incubating
with adenosine (30 mmol) or ATP (100 mmol) 24 h later according
to Mahmut et al. (Mahmut et al, 2015). Control cells were
unstimulated. Cell phenotyping was performed on days 1, 3, and 7.
Cell staining with anti-human CD39-FITC (clone Al, cat.
328206, BioLegend, Inc., USA) and CD73-PE (clone AD2, cat.
550257, BD Pharmingen™, USA) was performed in accordance
with the manufacturer’s recommendations followed by collecting
the data on flow cytometer Guava EasyCyte 8 (Millipore, USA).
Mean intensity fluorescence (MIF) for CD39- and CD73-positive
staining was analyzed by comparing it with the intensity of isotype-
match control antibodies conjugated with relevant fluorochrome
followed by estimating the percentage of T-cell subsets expressing
CD39-CD73-, CD39-CD73+, CD39+CD73+, and CD39-CD73—.

qPCR

RNA from cultured cells was isolated using Extract RNA (Eurogene,
Russia). Total RNA (1 pg) was reverse transcribed with MMLV
RT kit (Eurogen, Russia). Real-time PCR was performed with 1 pl
of cDNA and SYBR Green PCR Master Mix (Eurogen, Russia) in
the LightCycler system using specific forward and reverse primers
for target genes. The corresponding gene expression level was
normalized to GAPDH from the same samples. Changes in target
gene expression levels were calculated as fold differences using the
comparative AACT method (F: AATGAAGGGGTCATTGATGG;
R: AAGGTGAAGGTCGGAGTCAA) (Kostina et al.,, 2018;
Malashicheva et al., 2018). RUNX2 (runt-related transcription
factor 2), (FTGGATCACCTGAAAATGCTG;R:CGAAATCCCAA
CTCCGATA) OPN (osteopontin), (F: TCACCTGTGCCATACC
AGTTAAA; RTGGGTATTTGTTGTAAAGCTGCTT) and BMP2
(bone morphogenetic protein 2) (F: GCCAGCCGAGCCAACAC;
R: CCCACTCGTTTCTGGTAGTTCTTC) were investigated on
the seventh day after ATP or adenosine stimulation.

Statistical Analysis
The data were analyzed by using Navios Software v.1.2 and Kaluza™
software v.2.0 (Beckman Coulter, USA). Statistical analysis was

Teyt, % Th, % Treg, %
) p=0.006 [ p=0.400 p=0.238
9 ’ 9 =0.183 =0.491 9 t |
& | p=0.006 = p=0615 % i - P _p { x p=0.344 p=0.756
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FIGURE 1 | Percentage of CD3+CD4+, CD3+CD8+, and CD3+CD4+CD25hi T-cell subsets in peripheral blood. Note. SAS (black circles, n = 38), severe aortic
stenosis; MAS (black squares, n = 33), moderate aortic stenosis; HV (black triangles, n = 30), healthy volunteers. Differences between groups were evaluated by
using nonparametric Mann-Whitney U-test.
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performed by using Statistica 8.0 (StatSoft, USA) and GraphPad
Prism 4.00 for Windows (GraphPad Prism Software Inc., USA)
software. Normality was checked by using Pearson’s chi-squared
test. The data were presented as a percentage of positive cells out
of total T-cell subset population as well as absolute number per
1 uL of peripheral blood shown as median + interquartile range
Me (25%; 75%). A dispersion analysis was carried out by using
ANOVA. Significance was assessed by using a non-parametric
Mann-Whitney U-test as well as Student’s t-test. Correlation
analysis was performed using Spearman rank test. Significance
was set at p < 0.05.

Multivariate comparison was done by applying a discriminant
analysis by using Statistica 8.0 (StatSoft, USA) software. A
stepwise analysis enumerating steps, p-value significance level,
and F-test were applied. A discrimination level was evaluated
by assessing Wilks” lambda. Significance of identifying criterion
was determined after drawing scatterplots for canonical values
and calculating classification value as well as the Mahalanobis
squared distance. Statistical discriminant analysis procedure was
described previously in detail (Barbarash et al., 2016; Ignatieva
etal., 2017).

Discriminant analysis was used to determine which
parameters in peripheral T subsets and their surface CD39 and
CD73 expression might allow to subdivide patients into various
groups, and whether they represent true separate groups. Also,
discriminant analysis allows to identify the most common
parameters for each group.

RESULTS

Clinical Description of Patients
Clinical parameters of subjects enrolled to the study are shown
in Table 1.

Significant differences (p < 0.01) were found in age of patients
and control persons due to objective issues related to enrollment
of apparently HVs older than 60 bearing comorbidities or
conditions satisfying the exclusion criteria. However, studies
aimed at investigating purinergic receptors expressed on various
T-cell subsets revealed that prominent differences were found
only in patients younger and older than 45 (not older than 60)
(Fang et al,, 2016). It allowed to perform further comparison
with the control group detailed above by neglecting significant
age-related difference between groups.

Hematological parameters (WBC total, count of lymphocytes,
neutrophils, and eosinophils) did not significantly differ between
SAS patients and healthy donors. However, monocyte counts
were significantly decreased in MAS patients compared with
HVs as well as in SAS vs. MAS patients (Table 1).

Major T-Cell Subsets Found in Peripheral
Blood

While examining T cells, it was found that MAS and SAS patients
differed in terms of relative distribution of cytotoxic T-cells and
the absolute number of regulatory T cells (Figures 1 and 2,
Supplementary Table 1). Moreover, the absolute number of

cytotoxic T cells and TEMRA subset was significantly higher
in SAS vs. MAS patients and HVs. However, the absolute and
relative number of naive T helper cells and the absolute number
of regulatory T cells were significantly higher in MAS vs. SAS
patients (Supplementary Table 1). In addition, the relative
number of naive Tregs was significantly (p < 0.01) decreased in
SAS patients.

Importantly, it is worth noting that the level of all naive T-cell
(i.e., cytotoxic, helper, and regulatory) subsets was lowered in
patients with severe vs. moderate aortic stenosis (Figure 2).

Expression of CD73 and CD39 by Major
T-Cell Subsets

Analyzing the exonuclease expression on dominant peripheral
T-cell subsets revealed no significant differences in the percentage
of CD39-positive T cells between groups (Figure 3). However,
MAS patients vs. HVs were noted to contain significantly lower
percentage of Th cells expressing CD73 (p = 0.006), whereas SAS
patients vs. HVs tended to contain higher percentage of this
subset (p = 0.06). Comparing SAS vs. MAS patients demonstrated
that the percentage of CD73+ Th cells was significantly elevated
(p < 0.001). Finally, Treg cells were also noted to contain higher
percentage of CD73-positive subset in SAS vs. MAS patients.

Subsets of Peripheral Blood Cytotoxic

T Cells, Th, and Tregs

A detailed analysis of T-cell differentiation stages revealed
that number of naive (CD45R0-CD62L+) T cells in all three
populations, compared with the HV group, was profoundly
decreased in SAS vs. MAS patients as well as in cytotoxic and
regulatory T-cell subsets (Figure 2). The absolute number of
naive Th and Treg cells was also significantly lower in SAS vs.
MAS patients (p < 0.05 and p < 0.01, respectively). However, on
naive Tcyt cells, this parameter did not differ between groups.
In contrast, significantly (p = 0.02) increased the percentage
of TEMRA (CD45R0-CD62L-) CD8+ T cells was noted in
SAS patients vs. HV group. Moreover, MAS vs. SAS patients
contained significantly higher percentage and absolute number
of this regulatory T-cell subset (p < 0.01).

By analyzing various central memory (CM, CD45R0+CD62L+),
T-cell subsets revealed that the absolute number of cytotoxic T cells
was significantly increased in MAS patients vs. HV group, whereas
the percentage of Tregs within this population was increased in
SAS vs. MAS patients and HV group.

No significant differences were observed in any EM T-cell
subsets among groups.

Expression of Ectonucleotidases CD39
and CD73 by Different Subsets of Th, Tcyt,
and Tregs

Expression of CD73 and CD39 by T Helper Subsets
It was shown that CD73 expression was significantly higher
in SAS vs. MAS patients (Figure 4A) noted in all EM, CM,
TEMRA, and naive Th cell subsets. However, only the latter were
significantly increased (p = 0.003) in patients compared with
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FIGURE 2 | Percentage of major Th, Teyt, and Treg subsets (gating strategy based on CD45R0 and CD62L expression). Note. SAS (black circles, n = 38), severe
aortic stenosis; MAS (black squares, n = 33), moderate aortic stenosis; HV (black triangles, n = 30), healthy volunteers. Naive (CD45R0-CD62L+); CM, central
memory (CD45R0+CD62L+); EM, effector memory (CD45R0+CD62L-); TEMRA, terminally differentiated CD45RA-positive effector memory (CD45R0-CD62L-);
Treg, regulatory T cells. Differences between groups were evaluated by using nonparametric Mann-Whitney U-test.
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FIGURE 3 | Percentage of CD39 and CD73 expression by Th, Teyt, and Treg subsets in peripheral blood. Note. SAS (black circles, n = 38), severe aortic stenosis;
MAS (black squares, n = 33), moderate aortic stenosis; HV (black triangles, n = 30), healthy volunteers. Differences between groups were evaluated by using
nonparametric Mann-Whitney U-test.
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FIGURE 4 | (A) Expression of ectonucleotidases CD39 and CD73 by different subsets of cytotoxic T-lymphocytes. Differences between groups were evaluated by
using nonparametric Mann-Whitney U-test. (B) Expression of ectonucleotidases CD39 and CD73 by various T helper cell subsets. Differences between groups
were evaluated by using nonparametric Mann-Whitney U-test. (C) Expression of ectonucleotidases CD39 and CD73 by various Treg cell subsets. Differences
between groups were evaluated by using nonparametric Mann-Whitney U-test.
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HVs. Surprisingly, the percentage of CD73 Th cell subsets differed
to a greater extent in MAS patients vs. HV group, whereas it was
decreased in EM (p = 0.003), CM (p = 0.012), and TEMRA (p =
0.030) cells.

Expression of CD73 and CD39 by Cytotoxic

T-Cell Subsets

Despite the fact that total level of CD39 and CD73 expressed on
cytotoxic T cells did not differ, it was found that the percentage
of CD39+ CM Tcyt cells was significantly decreased in MAS
patients vs. HVs (p = 0.024, Figure 4B). Moreover, SAS vs. MAS
patients were noted to have significantly higher percentage of
CD73+ EM Tyt (p = 0.006) and CD73+ CM Teyt (p = 0.002).
However, no significant differences were found in the percentage
of cytotoxic T-cell subsets expressing either CD39 or CD73 as
compared with those of HVs.

Expression of CD73 and CD39 on Regulatory

T-Cell Subsets

Regarding level of expression for CD39 on Tregs, no significant
differences were observed between both patient groups or when
compared with HV (Figure 4C). However, the expression of
CD73 in patients significantly differed in all three populations
such as EM (p = 0.049), CM (p = 0.044), and naive (p < 0.001)
T cells. Upon that, it was significantly higher in SAS patients vs.
HVs on CM Treg and naive Treg cells.

Correlations of T-Cell Subsets
and Severity of Calcification
All excised aortic valves from patients with SAS were examined
by pathomorphological counting of the amount of calcium in
each sample. From the 38 explanted valves, 4 had moderate,
24 had subtotal, and 10 had total calcinosis. In MAS patients, a
multislice spiral computed tomography with Agatston calcium
scoring was performed to identify the calcification process.
These gave us the opportunity to perform the correlation analysis
between T-cell subsets and severity of calcification. Significant
results for SAS and MAS patients are presented in Tables 2 and 3.
It is noteworthy that there were no common T-cell subsets
that could demonstrate the correlations for SAS and MAS
patients. For SAS patients, interrelations were observed basically
for Tregs and their subsets. Meanwhile, for MAS patients,
there were significant positive correlations for CD4+CD8dim
and CD8+CD4dim subsets. Besides CD73 expression in EM
Th, naive Tregs and CM Tregs demonstrated their potential
interconnection with aortic valve calcification process.

TABLE 2 | Significant correlations between T-cell subsets and severity of
calcification in SAS patients.

T-cell subsets r(p <0.05)
Naive Tregs, abs -0.374
Tregs 0.388
CM Tregs 0.417
Naive Tregs -0.345
CD39 CM Teyt 0.438

TABLE 3 | Significant correlations between T-cell subsets and severity of
calcification in MAS patients according to multislice spiral computed tomography
with Agatston calcium scoring.

T-cell subsets r(p <0.05)
Th 0.429
CD4+CD8dim 0.513
CD4+CD8dim, abs 0.474
CD8+CD4dim 0.376
TEMRA Th -0.429
CD73 EM Th 0.385
CD73 naive Tregs 0.379
CD73 CM Tregs 0.418

Discriminant Analysis

A discriminant analysis carried out by using a forward stepwise
model consisting of 10 steps (total 45 variables) demonstrated that
the top significance was documented while assessing the percentage
of CD73-CD39— T cells, CD3+ naive Tregs, CD73+CD39— T
cells, CD73-CD39+ T cells, and TEMRA Tcyt as well as counting
the absolute numbers of CD8+CD4dim and TEMRA Tregs (Table
4). Partition of the examined groups based on the results from the
discriminant analysis is depicted in Figure 5.

Morphological Analysis of Excised Aortic
Valves from SAS Patients

Leaflets of excised aortic valves were irregularly infiltrated by
the CD3-positive cells. Their median amount in all samples was
16.5 (12; 48) cells per mm? (Figure 6A). CD39-positive cells were
rare. Many fields of view were free of them. Meanwhile, groups
of positive cells were visualized on some fields (Figure 6B). The
CD39+/CD3+ ratio was approximately 1/17. CD73-positive cells
were found only on limited fields of view as single rare objects
(Figure 6C). CD3+, CD39+, and CD73+ cells were presented
basically in the calcified regions of the aortic valve tissues.

Aortic Valve-Derived Interstitial Cells
Baseline Expression of CD39 and CD73 on Aortic
Valve-Derived Interstitial Cells

We found that the primary culture of interstitial cells derived from
calcified aortic valves was mainly presented by CD39-CD73—
[93.95 (92.22; 96.44)%] cells. At the same time, 5.05 (3.10; 5.58)%

TABLE 4 | Peripheral T-cell subset composition and surface expression of
purinergic enzymes in SAS and MAS patients vs. HV group assessed by
discriminant analysis.

Parameter Wilks’ lambda F-test (2.74) p-level
CD73-CD39- T cells 0.613 27.93 <0.001
CD3+ 0.524 18.58 <0.001
Naive Tregs 0.420 7.52 <0.001
CD8+CD4dim, abs 0.384 3.68 0.029
CD73+CD39- T cells 0.465 12.33 <0.001
CD73-CD39+ T cells 0.450 10.75 <0.001
TEMRA Tregs, abs 0.386 3.92 0.024
TEMRA Teyt 0.381 3.37 0.089
CM Th 0.364 1.63 0.202
CD4+CD8dim, abs 0.363 1.45 0.238

number of steps = 10; Wilks’ lambda = 0.34939; F(20,148) = 5.1192; p < 0.00001.
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FIGURE 5 | Graphic distribution of SAS and MAS patients as well as healthy volunteers analyzed by discriminant analysis.

FIGURE 6 | (A) Visualization of CD3-positive cells in the excised aortic valves. Focuses of calcification are shown by arrowheads; CD3-positive (brown) cells are shown by
arrows. (B) Visualization of CD39-positive cells in the excised aortic valves. Focuses of calcification are shown by arrowheads; CD39-positive (brown) cells are shown by arrows.
(C) Visualization of CD73-positive cells in the excised aortic valves. Focuses of calcification are shown by arrowheads; CD73-positive (orown) cells are shown by arrows.

of cells exhibited the CD39-CD73+ phenotype, whereas 0.66 (0.24;
1.76)% of them were CD39+CD73+. Moreover, further cell passages
were found to increase their proportion up to 99.09 (98.52; 99.61)%,
whereas for CD39-CD73+, their proportion was down to 0.53 (0.36;
0.79)%. Moreover, the proportion of CD39—-CD73- increased even
further, comprising up to 99.09 (98.52; 99.61)% at later passages,
whereas for CD39-CD73+, it decreased down to 0.53 (0.36; 0.79)%.

Assessing level of surface expression for CD39 and CD73
revealed no significant differences when aortic valve-derived
interstitial cells were stimulated with ATP or adenosine for 24 h.
However, a 7-day incubation with ATP or adenosine resulted in
significantly increased percentage of CD39-CD73+ cells from
4.78 (3.08; 6.36) to 12.04 (6.68; 18.50)% and to 12.31 (8.82;
15.97)%, respectively (Supplementary Figure 2A, 2B), which

was due to a relatively decreased proportion of CD39-CD73—
population. Finally, no significant changes were observed in the
percentage of CD39+CD73+ or CD39+ cells.

Purines Addition do not Stimulate Proosteogenic
Differentiation of Aortic Valve-Derived Interstitial Cells
We investigated basic osteogenic markers to find out if
proosteogenic differentiation of interstitial aortic valve cells has
been launched. A 7-day incubation with ATP or adenosine do
not reveal the significant increase comparing with unstimulated
interstitial cells derived from calcified aortic valves of RUNX2
(p = 0.814 and p = 0.720, respectively), OPN (p = 0.315 and
p = 0.528, respectively), and BMP2 (p = 0.541 and p = 0.603,
respectively) gene expression.
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Thus, we demonstrated that purine addition influences the
ectonucleotidase expression but does not stimulate proosteogenic
differentiation.

DISCUSSION

T cells represent a relatively small cell population infiltrating
various tissues. It is known that T cells exhibit an important
regulatory effect on inflammatory and reparative processes by
releasing signaling cues for macrophages or fibroblasts (Saxena
et al., 2014; Hofmann and Frantz, 2015).

CD3+CD4+ and CD3+CD8+ subsets of peripheral blood
T cells exhibiting helper and cytotoxic functions, respectively,
can be characterized by combining different cell-surface
markers, e.g., CD45R0 and CD62L depending on their
migration and functional potential. These T-cell subsets are
defined as naive cells (N, CD45R0-CD62L+), central memory
cells (CM, CD45R0+CD62L+), effector memory cells (EM,
CD45R0+CD62L-), and “terminally differentiated” effector
memory cells re-expressing CD45RA antigen (TEMRA,
CD45R0-CD62L-). This classification is typically used for CD8+
and CD4+ T cells, although the equivalent TEMRA Th cell subset
in healthy donors has not yet been clearly identified due to their
low frequency in normal peripheral blood.

After positive and negative selection, naive CD4+ and
CD8+ T cells exit from the thymus into the peripheral blood
and express CCR7 and CD62L required for their extravasation
through the high endothelial venules into the secondary
lymphoid organs, while the presence of CD45RA and lack of
CD45R0 indicates that these cell were not encountered by a
specific antigen presented by antigen-presenting cells (Sallusto,
2016). Naive T cells are characterized by highly diverse TCR
repertoire encompassing up to 100 million different specificities
(Qi et al.,, 2014), indicating that naive T cells can respond to
various antigens (Kumar et al., 2018). Moreover, in the absence
of specific antigen, they also display a high self-renewal potential,
but upon specific stimulation in lymphoid tissues, they undergo
robust cell expansion followed by differentiation to effector and
memory T-cell subsets.

Two major functional T-cell subsets were distinguished
(Mahnke et al., 2013) within the CD45RA—-CD45R0+ memory
T-cell pool: CM T cells, which express lymph node homing
molecules CCR7 and CD62L, had very limited effector
functions; and CCR7-CD62L— EM T cells are able to migrate to
peripheral tissues and exhibit effector functions. Furthermore,
CM cells represent a pool of less-differentiated long-living
memory cells that recirculate through the secondary lymphoid
organs and display high proliferative and renewal capacity. In
contrast, EM T cells represent a pool of more-differentiated
circulating effector cells that can rapidly enter inflamed tissues
due to the upregulated expression of tissue-homing chemokine
receptors and adhesion molecules and provide a rapid and
effective defense response (Sallusto, 2016). Both CM CD4+
and CD8+ T cells produce high amounts of IL-2 but low
levels of other effector cytokines (e.g., IL-4, IL-5, and IFN-y),

whereas EM Th and Tcyt subsets produce a high amount of
effector cytokines but a low level of IL-2 (Mahnke et al., 2013).

Compared with naive and memory T cells, short-lived effector
or TEMRA cells display a limited TCR diversity. However,
TEMRA cells rapidly migrate to various anatomical sites to
promote pathogen clearance by producing inflammatory
cytokines and cytotoxicity, yet they exert little proliferative
potential antigen-specific stimulation in vitro.

We demonstrated that the percentage of peripheral blood Tcyt
was insignificantly increased mainly due to TEMRA Tcyt subset
(Supplementary Table 1), whereas frequency of naive Tcyt and
naive Treg subsets was decreased in patients in SAS patients vs. HVs,
respectively (Figure 2). In contrast, in MAS patients vs. HV, the
percentage of CM Tcyt subset was significantly elevated (p = 0.01).

Despite few significant differences found in T-cell subset
profile observed between patients with moderate aortic stenosis
and HVs, it is worth noting about multiple differences between
SAS and MAS patients mainly due to opposite changes in similar
parameters found in HV group.

It was found that the amount of total Tcyt cells, particularly
the relative and absolute numbers of TEMRA Tcyt subset in
SAS vs. MAS patients, was considerably increased, which could
point most likely at their continuous antigen-specific activation,
differentiation, and pro-inflammatory activity. Importantly, no
such changes in MAS patients vs. HVs were found.

Mazur et al. performed correlation analyses that demonstrated
that mean transvalvular pressure gradient positively correlated
with the CD4+CD8+ lymphocyte count and fraction (Mazur
et al.,, 2018). Taking into account the great interest on double-
positive T-cell population, we also involved them into the
analysis, but having the opportunity to identify this population
as heterogeneous, we analyzed it separately as CD4+CD8dim
and CD8+CD4dim (Supplementary Table 1). There were
no significant changes in absolute and relative count of these
populations between MAS and SAS patientsand HVs. Meanwhile,
positive correlations of CD4+CD8dim and CD8+CD4dim with
Agatston calcium score for MAS patients demonstrated their
potential interconnection with aortic valve calcification process.

Previously, it was demonstrated that purinergic signaling played
an important role in regulating T-cell functions (Ledderose et al.,
2016; Golovkin et al., 2018). T cells migrating into the damaged
heart tissues upregulate enzymatic machinery for degrading
extracellular ATP and NAD to adenosine (Borg et al., 2017).

Numerous studies support the concept that CD39 controls
the rate-limiting step in the degradation of extracellular ATP
(Eltzschig et al., 2012). While there are multiple AMP sources,
the critical bottleneck for the formation of adenosine is CD73
also undergoing upregulated expression (Bonner et al., 2012).
Meanwhile, lack of CD73 on T cells enhances tissue fibrosis (Borg
et al, 2017). T cells lacking CD73 show accelerated production
of pro-inflammatory and profibrotic cytokines (IL-2, IFN-y,
and IL-17) (Borg et al.,, 2017) presumably accounting for down-
modulated CD73 expression on Th and Tcyt subsets in MAS vs.
SAS patients vs. HVs.

There are different cellular sources for AMP formation:
monocytes and fibroblasts—both largely devoid of CD73—express
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CD39 and can only degrade ATP to AMP, which may then reach
T cells by diffusion (Bonner et al., 2013; Borg et al., 2017).

CD73-derived adenosine acts in an autocrine manner on
adenosine receptors A, R and A,R predominantly expressed
by cardiac T cells to counteract pro-inflammatory/antifibrotic
cytokines (Borg et al., 2017). For instance, A, R stimulation was
reported to suppress the release of TNFa from neutrophils and
macrophages (Koeppen et al., 2015), inhibit superoxide anion
production in neutrophils (Auchampach et al., 2009), augment anti-
inflammatory IL-10 production in macrophages (Nemeth et al,
2005), and promote alternative (M2) macrophage activation (Csoka
etal,, 2012). In addition, T-cell-derived adenosine might influence
cytokine release and differentiation of other cardiac immune cells
in a paracrine manner, again involving A, R and A, R (Borg et al,,
2017). Meanwhile, CD73 promoting adenosine production is
regulated by various cytokines, e.g., interferon (IFN)-B (Kiss et al.,
2007), TGFp, IFN-y, IL-6, and IL-12 (Regateiro et al., 2011), as well
as by paracrine adenosine (Narravula et al., 2000).

While investigating patients with anti-neutrophil cytoplasmic
auto-antibody (ANCA)-associated vasculitis (AAV), it was found
that on patient T cells, CD39 and CD73 were down-modulated.
In CD4+ cells, significant differences in CD73 expression were
limited to memory CD45RA - cells, while in CD4+ lymphocytes,
differences were significant in both naive CD45RA+ and memory
CD45RA- cells. However, no correlation with disease activity,
duration, and ANCA profile was found (Kling et al., 2017).

Previously, it was shown that CD39 and CD73 expression on
T cells could be related to the age of human subjects. For instance,
CD73 expression on lymphocytes declines with age (Guzman-
Flores et al., 2015). Meanwhile, CD39 is more readily induced in
CD4 T-cell responses in older individuals (Fang et al., 2016). In
our previous investigation with HVs, we found that the number of
CD73-expressing naive T cells was significantly decreased in donors
older than 45 compared with younger subjects. However, such
pattern was only noted for female subjects (Golovkin et al., 2017).
Meanwhile, a significant correlation (r = —0.517, p < 0.05) between
CD73 expression on T-cytotoxic cells and male subjects of older age
was shown. Besides, female volunteers demonstrated numerous age-
related correlations: naive Teyt CD73+ (r = —0.520, p < 0.05), CM Teyt
CD73+ (r=—0.397, p < 0.05), naive Tcyt CD39+ (r = 0.361, p < 0.05),
EM Tcyt CD39+ (r = 0.367, p < 0.05), and naive Th CD39+ (r =
0.378, p < 0.05) (Golovkin et al., 2017). Therefore, CD39 and CD73
expression on T cells may display both age- and sex-related features.

Despite that mean age was lower in HV group, all differences
found in our study might not be accounted for only by age-related
issues, given especially that the vast majority of them were found
between age-matched MAS and SAS patients in terms of T-cell
subset composition and percentage of CD39- and CD73-positive
cells they contained.

It is known that CD4+CD25+ regulatory T cells (Tregs) are
important in maintaining self-tolerance and regulating immune
responses in both physiological and pathological settings
(Sakaguchi, 2004; Singer et al., 2014; Huang et al., 2015). Tregs
demonstrate a great diversity of their composition and functions
mediating immune suppression through distinct mechanisms
associated with various phenotypical and functional subsets
(Caridade et al., 2013). CD39 is a useful marker for identifying

CD4+CD25+ Treg cells, even allowing to consider it as a more
consistent and reliable marker for Treg cells than CD25 (Deaglio
et al., 2007). It was demonstrated that the level of surface CD39
expression on human Tregs parallels that one for intracellular
transcription factor FOXP3 (Borsellino et al., 2007; Deaglio et al.,
2007). Furthermore, phenotypic analysis comparing CD39+
and CD39- Tregs in adult donors showed that the former
expressed a higher level of intracellular FOXP3 and CTLA-4 than
did CD39- Tregs (Rissick et al.,, 2015). Analyzing chemokine
receptor expression revealed that a higher percentage of CD39+
Tregs expressed CCR4, CXCR3, and CCR6 involved in T-cell
migration to the site of inflammation, while CCR5 was uniquely
expressed by CD39+ Tregs. Upon in vitro activation, proteins
GARP and LAP anchored to TGF( were expressed at a higher
level on CD39+ Tregs. Furthermore, it was shown that CD39
plays a non-redundant role in mediating suppressive potential of
Treg cells. In addition, FOXP3+CD39+ cells efficiently suppressed
CD4+CD25- proliferation in vitro. Moreover, CD39+ vs. CD39—
Treg cells displayed a significantly higher suppressive potential
(Deaglio et al., 2007).

In contrast, in our study, CD39 was not expressed by total Treg
population. Upon that, no significant differences were revealed
comparing aortic stenosis patients vs. HV group. However, it is
worth mentioning that low- (<20%) and high-percentage (around
50%) Treg subsets tended to emerge, which was observed in all
groups. Earlier, increased CD39 expression on Tregs was shown
in HIV patients, which was strongly associated with disease
progression (Nikolova et al., 2011). Furthermore, an increase in
CD39 expression on Tregs has also been detected in tumors and
autoimmune diseases (Bastid et al., 2013). Besides, the increased
expression of CD39+ Tregs was associated with a poor prognosis
for sepsis patients (Huang et al., 2015).

It has been reported that in humans, only 1-5% of circulating
FOXP3+ CD4+ T cells express CD73, while its surface expression
on human Tregs can be induced upon activation (Sim et al., 2014).
In addition, CD73 on Tregs was confirmed to contribute to its
functioning, as its suppression limits their suppressive capacity
(Zhao et al., 2017b). Besides its enzymatic function, CD73 could
be considered as an adhesion molecule that can regulate cell
interaction with extracellular matrix components (Zhao et al,,
2017b). It seems that a higher CD73+ level on Tregs, particularly
CM and naive subsets, points at stronger suppressive potential in
patients with severe aortic stenosis.

A stepwise discriminant analysis uncovered that T-cell subset
composition played a pronounced role in distinguishing various
groups. Moreover, the expression of the enzymes metabolizing
extracellular ATP were of strongest significance particularly involving
T cells exhibiting phenotype CD73-CD39-, CD73+CD39-, and
CD73-CD39+. Thus, parameters of T-cell-mediated immunity and
purinergic regulation were substantially different in SAS vs. MAS
patients as well as in HV group.

Moreover, discriminant analysis uncovered that patients with
various stenosis magnitude formed rather separate groups, and
major parameters were sufficient for referring each patient to
either group. At the same time, the minimum differences between
MAS patients and HV group in parameters noted above were
found, which was not observed by comparing SAS patients vs.
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HYV group. It seems that this discrepancy was due to the intensity
of aortic calcinosis found in both patient groups.

Examining interstitial cells isolated from aortic valve biopsies
demonstrated that the majority of them displayed CD39-CD73—
phenotype. Upon that, further passages were shown to increase
proportion of the cells expressing these markers up to 100%. Besides,
our immunohistochemical data demonstrate that despite the presence
of CD3-positive cells in the calcified aortic valves tissue, the number
of CD39-positive cells is low; and CD73-positive cells are almost
absent. Previously, it was shown that the low or even insufficient
level of CD39 and CD73 expression was observed on the cells from
calcified vs. non-calcified aortic valves (Kaniewska-Bednarczuk et al.,
2018), which was accompanied with reduced activity of NTPDase
and e5NT by 35% and 50% (Kaniewska-Bednarczuk et al., 2018),
respectively, in calcified lesions. In our study, it was noted that
stimulation with either ATP or adenosine postponed (for 7 days)
upregulated CD73 expression detected on interstitial cells, whereas
the percentage of CD39-CD73+ cells was even decreased 24 h
after the onset of experiment. Thus, the data obtained in our study
confirm a hypothesis (Kaniewska-Bednarczuk et al., 2018) proposing
a down-regulated expression and decreased activity of ectoenzymes
CD39 and CD?73 on the cells from the calcified aortic valves. Despite
other data contradicting those of our study, we found higher CD73
expression and activity level for the calcified vs. non-calcified valve
cells (Mahmut et al., 2015). Moreover, we also demonstrated that
ectonucleotidase expression level did not differ after a short-term
stimulation with either adenosine or ATP, perhaps, on the one
hand, pointing at the potential role for purinergic signaling in aortic
valve calcification and, on the other hand, maybe implying lack of
plasticity in enzymatic system under pathological settings that make
it unresponsive to the targeted activation. Confirmation of the latter
can be considered by the lack of changes in the expression of genes
associated with proosteogenic activity.

CONCLUDING REMARKS

Cell functions regulated by purinergic signaling seem to be of
importance in various pathological conditions including formation
of aortic stenosis and its calcification, which may be related to
activity of peripheral blood T-cell subsets and aortic valve interstitial
cells. It was found that patients with severe calcified aortic stenosis
contained higher percentage of CD73+ Th cells primarily due to
CD73+ naive as well as naive and CM Treg cell subsets. Along
with that, frequency of the same CD73+ T-cell subsets in patients
with moderate aortic stenosis was decreased, thereby confirming
a concept that the lack or decreased CD73 T-cell expression
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