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ABSTRACT

Aim. To assess external respiration (ER) and its relationship with the activity of enzymes involved in purine
metabolism in patients with acute and chronic forms of pulmonary tuberculosis (TB).

Materials and methods. In patients with acute and chronic TB, we assessed the activity of adenosine deaminase
(ADA)-1, 2 in the blood serum (¢ADA), mononuclear cells, and neutrophils, the concentration of ecto-5’-
nucleotidase (eNT5E) in the blood serum, the level of CD26 (dipeptidyl peptidase-4, DPPIV) in the blood serum
and mononuclear cells, production of reactive oxygen intermediates (ROI) and reactive nitrogen intermediates
(RNI) in mononuclear cells and neutrophils, as well as parameters of ER.

Results. Patients with TB were found to have an increase in the concentration of eNTSE and eADA-2 activity in
the blood serum, stimulated production of ROI in neutrophils, a decrease in the concentration of DPPIV (CD26)
in mononuclear cells, and a fall in the production of RNI in mononuclear cells and neutrophils. In patients with
chronic TB, a decrease in the activity of ADA-1 in mononuclear cells and a fall in the concentration of DPPIV
(CD26) in the blood serum were noted. In patients with acute TB, a decrease in the activity of eADA-1 in the blood
serum and ADA-1 in neutrophils, reduced production of ROI in mononuclear cells, and an increase in spontaneous
production of ROI in neutrophils were revealed. Correlations were found between the parameters of ER and the
concentration of eNT5E in the blood serum, spontaneous production of ROI in mononuclear cells and production
of RNI in neutrophils in chronic TB, as well as between eADA-2 in the blood serum, ADA-1 in neutrophils, DPPIV
(CD26) activity in mononuclear cells, and ROI and RNI production in mononuclear cells and neutrophils.

Conclusion. The data obtained make it possible to associate regulation of external respiration with parameters of
purine metabolism, in particular with the concentration and activity of enzymes responsible for generation and
metabolism of adenosine, that determine its level outside cells and inside mononuclear cells and neutrophils, with
expression of cofactor molecules, as well as with the duration of activation of cells in innate immunity, neutrophils,
and monocytes/ macrophages, determined largely by the potential of adenosine regulation.
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PE3IOME

Hens. OueHnTs (QYHKIMIO BHEIIHETO ABIXAHUS U €€ CBSI3b C aKTUBHOCTHIO BOCHAJIEHHS U aKTHBHOCTBHIO (hepMeH-
TOB ITyPHHOBOTO MeTaboIM3Ma y OONBHBIX OCTPOit 1 XxpoHmdeckoit Gopmoii Tybepkyesa nerkux (TJI).

Marepuajbl U MeToabl. Y 601bHBIX ocTpoit (ODTII) u xporndeckoit popmoii TJI (XDTJI) oueHnBamN aKTHUB-
HOCTh aneHo3umHnezamuHassl (ADA-1, 2) B ceiBopoTke kpoBu (eADA), MOHOHYKIIeapaX W HEHTpoduiIax, KOH-
LEeHTpauuio 3KTo-5'-Hykneotuaassl (eNTSE) B ceiBopoTke kposu, CD26 (munentuaunmnentuaassi-4, DPPIV) B
CBIBOPOTKE KPOBH M MOHOHYKJIEapax, MPOAYKIHIO aKTUBHBIX (hopM kucinopoaa (ADK) u azora (ADA) B MOHOHY-
KJeapax 1 HeuTpodmiax, GpyHKuio BHemHero apixanus (PBJ).

Pe3yabTaThl. Y 6oabHbIx TJI BesiBIeHO: yBennuenue koHueHTpauu eNTSE u aktuBHocTH eADA-2 B CHIBOPOTKE
KpOBH, CTUMYJHpoBaHHOH npoaykunn ADK weiirpodunamu; cHwkenne koHuenTpaun DPPIV (CD26) B MoHo-
HyKJeapax, npoaykunun APA monoHykneapamu u HeiiTtpodunamu; npu XDPTJT camkenne akrusHoctd ADA-1 B
MOHOHYKJIeapax U koHueHTpauun DPPIV (CD26) B ceiBopoTke kpoBu; npu ODTJI cHmkenune aktuBHocTH eADA-
1 B ceiBopoTKe KpoBU, ADA-1 B HeliTpoduinax, npoaykiun ADK MOHOHYK/I€apaMu U YBEINYCHUE CIIOHTAHHOI
npoxykunn ADK ueitrpopunamu. Boissiens! koppensunn Mexy napamerpamu @BJ] u konnentpaunei eNTSE
B CBIBOPOTKE KPOBH, CMIOHTaHHO# nmpoaykuueit AOK moHonykieapamu, ADA Heitrpopunamu npu XD TJI; akTus-
HocTbio €ADA-2 B cbhiBopoTke KpoBH, ADA-1 B Hedtpodunax, DPPIV (CD26) B MOHOHYKI€apax, MpoayKIneH
A®K n ADA moHOHYKIIEapaMu U HefiTpoduiaMu.

3akiroueHue. HOJ’Iy‘IeHHBIe JIAHHBIC TTO3BOJIAIOT CBA3ATh PETYJIALWI0O BHCIIHETO JbIXaHU C IMOKa3aTeIsIMU I1y-
PUHEPTHUICCKOT'O O6MeHa, B 4aCTHOCTHU C KOHL[CHTpaHHeﬁ U AKTUBHOCTBIO Q)epMeHTOB, OTBETCTBEHHBIX 3a 00-
pa3oBaHuC U MeTaboJIu3M aZICHO3MHA, ONPCACIIAIONUX €TI0 YPOBCHL BHEC KJICTOK WU BHYTPU MOHOHYKJICAPOB U
HeﬁTqu)PIJ'IOB, C 3KCHp€CCHefI KO(baKTOpHI:IX MOJIEKYIJI, a TAKKE C JJIUTCIIbHOCTHbIO aKTUBAIIUN KIIETOK BPOKACH-
HOI'O MMMYHUTETA, HCﬁTpO(l)I/IJ'IOB u MOHOL[HTOB/M&KpO(l)aFOB, OHpeZ[eJ'IHeMOﬁ B 3HAYUTEIILHOU CTETICHU BO3MOXK-
HOCTAMU a}leHO?,PIHOBOﬁ peryisauuun.

KuroueBble ci1oBa: mypuHOBBIH METa00JIN3M, BOCIIAJICHUE, TyOSpPKYyIIe3 JISTKHX, (YHKIUS BHELIHETO JIbIXaHHs

KondaukTt unTepecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBHUE SIBHBIX U MOTEHIIMAIBHBIX KOH()INKTOB HHTEPECOB,
CBSI3aHHBIX C MyOIUKaNNeil HACTOSIICH CTaThH.

UcTtounnk punancupoBanusi. ABTOPBI 3asBJISAIOT 00 OTCYTCTBUHM (MHAHCHPOBAHUS MPU MPOBEACHUU HCCIIEI0-
BaHUSI.
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CooTBeTCTBHE NPUHIMIAM THKH. Bce NalMeHThl MOANKMCAIN HHGOPMHUPOBAHHOE COIIACHE HA YYacTHE B
uccnenoBanuy. Mccnenopanne oJ00peHO He3aBUCHMbIM dTHdeckuM komuterom Caskr-ITerepOyprekoro Hayd-
HO-UCCIIE0BATEIHCKOT0 HHCTUTYTA (DTH3HOMYIbMOHONOTHH (TTpoTokoa Ne 57 ot 11.09.2012).

Jst uutupoBanus: [pskosa M.E., Cepebpsinast H.b., Kuproxuna JI./1., Dcmemsiesa J1.C., SI6monckuii I1.K. Mo-
JIEKyJISIPHBIE MEXaHM3MBl BOCHAJICHUS B [IATOT€HE3€ HAPyLICHUH BHEIIHEro ABIXaHHS Y OOJBHBIX TyOepKyJe30M
nerkux. broaiemens cubupcrou meouyunst. 2022;21(4):54-62. https://doi.org/10.20538/1682-0363-2022-4-54-62.

INTRODUCTION

One third of the world’s population is infected with
Mycobacterium tuberculosis (Mtb), and 10 million
new cases of tuberculosis are registered annually [1—
3]. In pulmonary tuberculosis (TB), granulomatous
inflammation emerges, supported by a complex
cascade of inflammatory signaling molecules —
cytokines and autacoids, such as the purine nucleoside
adenosine. Adenosine (ADO) regulates the activity,
volume, duration, and resolution of the inflammatory
response by changing the metabolism of involved cells
through the activation of specific receptors (ADORA
A, A, A, A), which are widely present on body
cells [4].

ADO has been shown to have anti-inflammatory
and tissue protective effects in acute inflammation,
in particular, lung injury [5-7]. However, in chronic
lung injury, ADO enhances proinflammatory and
profibrotic processes [8].

During inflammation, ischemia, and cell death,
the concentration of extracellular ADO increases.
Stressed cells release adenosine triphosphate (ATP),
which is gradually dephosphorylated to ADO by
coordinated activity of ecto-nucleotidase, mainly
ectonucleoside  triphosphate  diphosphohydrolase
1 (CD39, E-NTPDasel) and ecto-5’-nucleotidase
(CD73, eNTS5E). Extra- and intracellular ADO is
deaminated by adenosine deaminase (ADA) or is
transformed into adenosine monophosphate by the
enzyme adenosine kinase [9].

ADA isoenzymes (ADA-1 and ADA-2) are key
enzymes in purine rescue pathways and are essential
in the regulation of purine metabolism [10]. ADA-
1 is localized not only in the cytosol and nucleus of
cells, but is also present as an “ecto” form on the cell
membrane, where it forms complexes with dipeptidyl
peptidase IV (CD26) and / or adenosine receptors A,
and A, [11].

ADA-2 is localized mainly in the extracellular
space, predominating in the blood serum. The main
source of ADA-2 is macrophages / monocytes, in
which both isoforms, ADA-1 and ADA-2, coexist

2B’

[12]. With physiological concentrations of ADO, the
catalytic activity of ADA-2 is close to zero; however,
this isoform is effective for deamination at elevated
levels of adenosine in a slightly acidic environment,
for example, during hypoxia [13].

Since the purinergic regulation by ATP and ADO
affects the functional state of cells in the respiratory
and immune systems, the study of the molecular
mechanisms of inflammation in the lung tissue can
help understanding the pathogenesis of lung damage
in patients with pulmonary TB and indicate new
targets for targeted therapy, which is necessary to
improve the effectiveness of treatment for pulmonary
TB patients.

The aim of this study was to assess external
respiration (ER) and its relationship with the activity of
inflammation and expression and activity of enzymes
involved in purine metabolism in patients with acute
and chronic forms of pulmonary TB.

MATERIALS AND METHODS

The study included 60 patients with a verified
diagnosis of pulmonary TB who were treated in the
clinic of the St. Petersburg State Research Institute
of Phthisiopulmonology. The group of patients
with acute pulmonary TB (APTB) consisted of
15 patients withnewly diagnosed infiltrative pulmonary
tuberculosis, 6 men and 9 women aged 25.0—
31.0 years (average age 29.0 years). A group of patients
with chronic pulmonary TB (CPTB) encompassed
45 patients with fibrous — cavernous pulmonary TB,
30 men and 15 women aged 28.0-42.0 years (average
age 32.0 years). All patients with pulmonary TB
underwent a comprehensive study of the function of
external respiration (ER). The exclusion criterion was
chronic obstructive pulmonary disease. The control
group (CQG) included 20 practically healthy donors
with comparable characteristics by sex and age.

The groups of patients with pulmonary TB
significantly differed in the smoking status (smokers /
non-smokers — 33.3 / 66.7% and 71.4 / 28.6%;
p = 0.01) and disease duration (disease duration up
to a year — 100.0 and 17.1%; p = 0.00001). Patients
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with CPTB smoked 2 times more often and were ill
for much longer.

Purine metabolism was assessed by the activity
of adenosine deaminase-1 and 2 (ADA-1 and ADA-
2) in the blood serum (eADA-1 and eADA-2)
and mononuclear and neutrophil lysates (by triple
freezing and thawing), determined by the ADA assay
described by G. Giusti (1974) on a spectrophotometer
PV 1251C (Belarus) as well as by concentrations of
ecto-5’-nucleotidase (eNTSE) and CD26 (dipeptidyl
peptidase-4, DPPIV) proteins (soluble form, sCD26
(DPPIV)) in the serum and mononuclear lysate by the
enzyme-linked immunosorbent assay (ELISA) (Ecto
NTS5E, USCN, China and Human sCD26 Platinum
EIISA, eBioscience, Austria).

Production of reactive oxygen species by
phagocytes was assessed by respiratory burst
parameters in the nitroblue tetrazolium test (NBT
test): spontaneous NBT test (NBTs.) and zymosan-
induced NBT test (NBTi).

Mononuclear cells (MNs) were isolated from
peripheral blood using Ficoll — verografin density
gradient centrifugation (1.077 g / 1). From the
remaining sediment (after erythrocyte lysis and
additional centrifugation), neutrophils (NPHs) were
isolated. Nitric oxide generation was determined by
the level of nitrites (NO,") and nitrates (NO,’) in MNs
and NPHs by ELISA (R&D Systems, Canada).

A comprehensive study of the ER function included
spirometry, body plethysmography, and a study of the
diffusing capacity of the lungs using the MasterScreen
Body Diffusion unit (VIASYS Healthcare, Germany)
according to international recommendations for
standardization of pulmonary function tests and the
national guidelines for functional diagnostics [14—18].
We analyzed total lung capacity (TLC), vital capacity
(VC), residual volume (RV), the RV / TLC ratio,
inspiratory capacity (IC), expiratory reserve volume
(ERV), and airway patency parameters, such as forced
expiratory volume in 1 second (FEV)) and the FEV,
/ forced vital capacity (FVC) ratio (the Tiffencau —
Pinelli index). Pulmonary gas exchange was assessed
by diffusing capacity of the lungs (DLCO) and the
carbon monoxide transfer coefficient — the DLCO to
alveolar volume (DLCO / VA) ratio. To eliminate the
influence of anthropometric characteristics, the values
of parameters with due values (D) were expressed as
percentage of D for the corresponding sex, height,
body weight, and age. The due values proposed by
the European Coal and Steel Community (1993) [19]
were used as reference values.

The analysis of ER parameters in patients with
APTB and CPTB revealed that the values of most
functional characteristics were within the reference
range, except for significantly reduced DLCO%
(71.4 and 78.6% in patients with APTB and CPTB,
respectively). Patients with pulmonary TB differed
significantly only in the value of the Tiffenecau —
Pinelli index, which was higher in the APTB group
compared with the CPTB group (83.6 (75.9-85.7) and
76.5 (70.2-81.1), respectively, p = 0.025).

Statistical processing of the results was carried out
using the Statistica software for Windows, version
13.0. Quantitative variables were presented as the
median and the interquartile range Me (LO-UQ). Tests
for homogeneity were performed for two samples
using the Mann — Whitney U test. The Spearman’s
rank correlation coefficient was used in the correlation
analysis of quantitative variables. The differences
were considered statistically significant at p < 0.05.

RESULTS

Studying the parameters of purine metabolism in
the examined patients with pulmonary TB revealed a
significant increase in the concentration of eNTSE in
the blood serum, which affects the production of ADO,
and a decrease in the concentration of DPPIV (CD26)
in mononuclear cell lysates, compared with the control
group. It indicates a decrease in the expression of this
protein on the membrane of these cells, which results
in a decrease in its ability to form complexes with
eADA-1 and impairs the immunoregulatory ability
of monocytes in relation to T lymphocytes (Table 1).
In patients with CPTB, the concentration of sCD26
(DPPIV) in the blood serum was also significantly
reduced compared with the control group.

Table 1

Serum concentrations of enzymes involved in purine
metabolism in patients with APTB and CPTB, Me (LO-UQ)

P . Groups
arameters cG APTB CPTB
eNTSE, ng 0.06 0.7 (p=0.006) | 0.9(p=001)
/ml (0.01-0.6) (0.46-1.3)* (0.45-1.4)*
?CDEE?)"H 692.5 560.0 473.5 (p = 0.04)
e 1(625.0-875.0) | (550.0-585.0) | (265.0-628.2)*
](Dcpgg)' "N 19.2 1.46 (p = 0.0004) | 3.95 (» = 0.0008)
> . L * - *
hg /10%calls | (128°250) | (1.03-3.0) (1.2-6.6)

Note: CG — control group, APTB — acute pulmonary TB, CPTB —
chronic pulmonary TB, eNTS5E - ecto-5’-nucleotidase, DPPIV
(CD26) — dipeptidyl peptidase-4, sDPPIV(CD26) — its soluble form.
* the level of statistical significance of differences compared with the
control group.
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The activity of eADA-1 and eADA-2 in the
blood serum (Fig. 1, @) in the groups of patients with
pulmonary TB mainly changed in the same direction
compared with the CG. A significant decrease in the
eADA-1 activity was revealed in patients with APTB.
For eADA-2, which main function is degradation
of extracellular ADO, an increase in activity was
recorded in both groups of patients with pulmonary
TB. ADA-1 activity in the mononuclear cell lysate
was lower in CPTB patients than in the CG. ADA-1
activity in the neutrophil lysate was lower in APTB
patients compared with the CG. However, there were
no differences in ADA-1 activity in mononuclear and
neutrophil lysates in patients with APTB and CPTB
(» =0.91 and p = 0.28, respectively, Fig. 1, b).

25

«p=0.005

« p=0.000003
20

1U/1

PTB

ADA-1 MN ADA-1 NPH

Fig. 1. Parameters of extracellular (a) and intracellular (b)
activity of adenosine deaminase in groups of patients with
APTB and CPTB and in the CG. Here and in Figures 2 and
3: CG — control group, APTB — acute pulmonary TB, CPTB
— chronic pulmonary TB. eADA-1 and eADA-2 — activity of
adenosine deaminase-1 and -2 in the blood serum, ADA-1 MN
and NPH — activity of adenosine deaminase in mononuclear
cells and neutrophils.

* level of statistical significance of differences compared

with the control group, # level of statistical significance of

differences between the groups; the level of significance is
given in brackets.

Therefore, in both APTB and CPTB groups, the
distribution of the activity of enzymes involved in
purine metabolism and associated molecules indicates
an increase in the concentration of extracellular ADO
and a decrease in the immunoregulatory properties
of cells of the immune system. At the same time, in
patients with APTB, a significant decrease in eADA-
1 activity provides conditions for a more pronounced
increase in the ADO level and suppression of the
function of monocytes and T lymphocytes.

Innate immune cells, such as monocytes,
macrophages, and neutrophils, are known to play a
key role in regulating the spread of Mycobacterium
tuberculosis (Mtb) and the activity of tissue
inflammation. The functional state of these cells can
be assessed by their production of reactive oxygen
species (ROS) and reactive nitrogen species (RNS).

The data presented in Figure 2 indicate that in
both examined groups of patients with pulmonary
TB, the production of ROS by neutrophils stimulated
by bacteria was increased. It indicates a high degree
of their activation. In the group of patients with
APTB, spontaneous and stimulated production of
ROS by mononuclear cells was significantly reduced
compared with the CG. In patients with CPTB,
stimulated production of ROS was reduced. It indicates
significant impairment of the functional capabilities of
these cells. At the same time, both spontaneous and
stimulated ROS production by neutrophils in this
group of patients was significantly higher than in the
CG.

400

«p=0.0003

«p=0017

ODU./10° cell
(5=
(=1
S

NBTs NPH

Fig. 2. Parameters of respiratory burst in groups of patients
with APTB and CPTB and in the CG. Here and in Table 2:
NBTs. MN, NPH and NBTi. MN, NPH — nitroblue tetrazolium
test: spontaneous NBT test (NBTs.) and zymosan-induced
NBT test (NBTi.) in mononuclear cells and neutrophils.

* level of statistical significance of differences compared with

the control group, # level of statistical significance of differences
between the groups; the level of significance is given in brackets.
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An essential component for elimination of Mth
is RNS, which have a microbicidal effect against
intracellular pathogens. The number of nitrite (NO,’)
and nitrate (NO,) radicals produced by mononuclear
cells and neutrophils of TB patients was significantly
reduced compared with the CG. At the same time,
production of nitrite (NO,’) and nitrate (NO,) radicals
by neutrophils of the APTB patients was even more
reduced than in the CPTB patients (Fig. 3). Neutrophils
are actively involved in inflammation in pulmonary
TB. Unlike activated macrophages, they do not
produce a significant number of NO metabolites [20].

0.06

op=00002 [

_ “| « p=0.00005}"*
ep=0.015 X

0.01 o p=0.0002 e p=0.0003 #p=0,0002
’ p=0.0008 s #p=00s g
- B [zl R i
NO2-MN NO3-MN NO2-NPH NO3-NPH
[ ApTB []] cpTB

Fig. 3. Generation of RNS in groups of patients with APTB

and CPTB and in the CG. Here and in Table 2: NO,” MN, NPH

and NO,” MN and NPH are the levels of nitrites and nitrates in
mononuclear cells and neutrophils.

* significant differences compared with the control group, #
significant differences between the analyzed groups; the level
of significance is given in brackets.

In general, the reduced production of NO
metabolites by MNs and NPHs in patients with
pulmonary TB impairs the immune response to
Mycobacterium tuberculosis, and a more pronounced
decrease in the production of NO metabolites by
neutrophils, observed in patients with APTB, can be
regarded as a more serious impairment of microbicidal
functions, compared with patients with CPTB.

A revealed positive correlation (= 0.7; p = 0.037)
between the level of stimulated ROS production by
neutrophils and the activity of intracellular ADA-1 in
neutrophils indicates involvement of enzymes of purine
metabolism in the regulation of phagocyte activity in
patients with CPTB. Interestingly, for patients with
APTB, a correlation of stimulated ROS production
by neutrophils with the activity of intracellular ADA-
1 in neutrophils was negative (r = —-0.4; p = 0.03).
Therefore, in patients with APTB, when neutrophils

are activated, the level of intracellular ADO increases,
which contributes to strong suppression of their
functions.

The analysis of the relationship of abnormal ER
parameters with the ability of phagocytes to produce
ROS and RNS showed that in patients with CPTB,
the parameters of static lung volumes (VC and ERV)
and the DLCO /VA ratio, characterizing the gas
exchange function of the lungs, were associated with
spontaneous production of ROS by mononuclear
cells and generation of nitrite and nitrate radicals by
neutrophils (r = -0.4; p = 0.04, r = —0.6; p = 0.04,
r =-0.7; p = 0.01, respectively ). In patients with
APTB, more correlations between phagocyte activity
and ER parameters were revealed, which indicates
greater tension in ER regulation [21].

The parameters of static lung volumes (TLC,
VC, ERV, RV, RV / TLC ratio, IC), dynamic lung
volumes, which characterize the airway patency
(FEV,, the Tiffeneau — Pinelli index), and DLCO,
which characterizes the gas exchange function of the
lungs, had significant correlations with spontaneous
ROS production by mononuclear cells, spontaneous
and induced ROS production by neutrophils, and
generation of nitrate radicals by mononuclear cells and
nitrite radicals by neutrophils (Table 2). Therefore,
the revealed correlations confirm that the activation
and dysfunction of neutrophils and mononuclear cells
are associated with changes in the ER parameters in
patients with pulmonary TB.

Table 2

Correlations between the respiratory burst parameters,
nitric oxide metabolites, and external respiration parameters
(correlation coefficient and its significance) in patients with
acute pulmonary tuberculosis

Pairs of parameters APTB

RV/TLC 0.7 (0.02)

NBTs. MN
s FEV, 0.6 (0.05)
IC 0.6 (0.01)
NBTs. NPH TLC —0.6 (0.04)
DLCO 0.7 (0.02)
. RV/TLC 0.6 (0.03)

NBTi. NPH
' RV 0.6 (0.04)
ERV 0.7 (0.02)
NO,” MN IC 0.7 (0.04)
DLCO 0.7 (0.02)
FEV, /FVC 0.7 (0.04)

NO, NPH !

0, VC —0.7 (0.03)

Note: TLC — total lung capacity, RV — residual volume, RV / TLC —
their ratio, FEV — forced expiratory volume in 1 second, IC —
inspiratory capacity, DLCO — diffusing capacity of the lungs, ERV —
expiratory reserve volume, VC — vital capacity, FEV / FVC — the
Tiffeneau — Pinelli index.
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ADO plays an important role in modulating the
activity of phagocytes and releasing microbicidal
oxygen and nitrogen radicals. Our study showed that
in CPTB, there is a significant correlation between the
Tiffeneau — Pinelli index, which characterizes airway
patency, and the serum concentration of eNT5E, an
enzyme that synthesizes ADO (» = 0.5; p = 0.02).

In patients with APTB, positive correlations were
revealed between the ER parameters (ERV, RV)
and the activity of enzymes (¢ADA-2 in the blood
serum, ADA-1 in neutrophils), which destroy ADO to
cytoprotective inosine (r = 0.7; p = 0.004, p = 0.04,
respectively). A decrease in the concentration of
DPPIV (CD26) in mononuclear cells was negatively
correlated with FEV (r=-0.7; p = 0.04).

DISCUSSION

Fibrous — cavernous tuberculosis (FCTB) is defined
as a chronic form of TB and an unfavorable outcome
of untreated or ineffectively treated infiltrative TB.
It should be noted that even after microbiological
cure for pulmonary TB, 50% of patients still have
post-tuberculous lung disease (PTLD) [22]. PTLD is
caused by damage to the parenchyma, respiratory tract,
blood vessels, and mediastinum, which determines
pathomorphological changes in the organs. The cause
of PTLD and its severity are associated with the influx
of neutrophils and their excessive activity [23, 24].

Our data confirmed that in both examined groups of
TB patients, neutrophils, indeed, produced an excess
amount of ROS capable of damaging their own cells
and intercellular structures (when the antioxidant
system is depleted, which is typical of chronic
inflammation). At the same time, the ability to produce
NO metabolites important for microbicidal activity
against mycobacteria was reduced both for neutrophils
(more pronounced in patients with APTB) and for
mononuclear cells in patients with pulmonary TB.

The results of our study showed that, judging by
the activity of eNTSE, the level of ADO was equally
increased in patients with pulmonary TB, regardless
of the clinical form of the disease. In TB infection,
at high levels of extracellular ADO, activated
macrophages released eADA-2, which is a marker of
the inflammatory response and the severity of the TB
infection [25].

The regulatory effect of ADO on ER parameters
(indirectly through the regulation of phagocyte
activity) was confirmed by the revealed positive
correlation between the activity of eADA-2 in the
blood serum and ERV (a parameter characterizing

the static lung volumes in patients with APTB).
Another significant correlation was revealed between
ADA-1 activity in neutrophils of patients with APTB
(2.2 times lower than in the CG) and RV.

In patients with APTB, a decrease in intracellular
ADA-1 activity can lead to a rise in the intracellular
concentration of ADO, which determines an increase
in the expression of P1 receptors, in particular, the
low-affinity A,, receptor, which stimulation inhibits
inflammation and promotes tissue repair [4, 26].
When immune cells are activated at high levels of
ADO, the expression of A, A, and A, receptors on
macrophages increases, and their production of nitric
oxide is inhibited [27]. Apparently, the differences
in the duration of innate immune cell activation
and their expression of P1 receptors determine the
revealed multidirectional correlations between the
intracellular activity of ADA-1 and the level of
induced respiratory burst in neutrophils in APTB
and CPTB.

Extracellular ADO not only regulates the
inflammatory response, but also modulates the
interaction between cells of innate and adaptive
immunity. T. Hashikawa et al. (2006) showed that
necrotic cells could become a source of eADA-1
during inflammation, which can subsequently form
a complex with DPPIV (CD26). Our study revealed
a decrease in the expression of DPPIV (CD26) by
mononuclear cells (most pronounced in APTB)
[28]. Apparently, a disruption of the monocyte — T
lymphocyte interaction during decreased expression
of DPPIV (CD26) by mononuclear cells and reduced
activity of eADA-1 in the blood serum in patients with
APTB caused impaired regulation of inflammation
and a negative correlation between the level of DPPIV
expression by mononuclear cells and FEV. The level
of the soluble form of DPPIV in chronic diseases has
been shown to inversely correlate with the severity
of the disease, the severity of inflammation, and the
prevalence of pulmonary fibrosis [29, 30].

In our study, a significantly reduced serum level
of the soluble form of DPPIV (CD26) was registered
in patients with CPTB. It caused a decrease in
compensatory capabilities in the chronic course of the
infectious and inflammatory process and explained the
decrease in ER parameters that was found in patients
with CPTB. At the same time, in patients with APTB,
whose serum level of the soluble form of DPPIV
was maintained within the reference values, the ER
function was not impaired (measured parameters were
within the reference values).
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CONCLUSION

The data obtained make it possible to link the
regulation of ER with the parameters of purine
metabolism, in particular, with (1) the concentration
and activity of enzymes that are responsible for the
production and metabolism of ADO and that determine
its level outside cells and inside mononuclear cells and
neutrophils; (2) the expression of cofactor molecules;
and (3) the duration of activation of innate immune
cells, neutrophils, and monocytes / macrophages,
affected to a large extent by ADO regulation potential.
The revealed regularities make it possible to outline
new approaches to modern diagnosis, prevention, and,
possibly, treatment of developing respiratory failure
in patients with pulmonary TB.

REFERENCES

1. Global tuberculosis report 2020. Geneva: World Health Or-
ganization. URL: https://www.who.int/tb/publications/glob-
al_report/en/ (accessed on 20.10.2020).

2. Voronchikhin T.A., Avetisyan A.O., Vasil’ev 1.V., Kudryash-
ov G.G., Yablonskiy P.K. The outcomes of complex treatment
of limited fibrocavernous pulmonary tuberculosis. Medical Al-
liance. 2018;3:56—64 (in Russ.).

3. Bagishcheva N.V., Mordyk A.V., Gol’tyapin V.V. Predicting
the outcomes of tuberculosis treatment in patients with chronic
obstructive pulmonary disease. Medical Alliance. 2019;1:13—
19 (in Russ.).

4. Antonioli L., Csoka B., Fornai M., Colucci R., Kokai E., Dran-
dizzi C. et al. Adenosine and inflammation: what’s new on the
horizon? Drug Discov. Today. 2014;19(8):1051-1068. DOI:
10.1016/j.drudis.2014.02.010.

5. Ohta A., Sitkovsky M. Role of G-protein-coupled adenosine
receptors in down-regulation of inflammation and protection
from tissue damage. Nature. 2001;414(6866):916-920. DOI:

10.1038/414916a.

6. Rivo J., Zeira E., Galun E., Matot 1. Activation of A3 ade-
nosine receptors attenuates lung injury after in vivo reperfu-
sion. Anesthesiology. 2004;101(5):1153-1159. DOI: 10.1097/
00000542-200411000-00015.

7. Day Y.J., Marshall M.A., Huang L., McDuffie M.J., Okusa M.D.,
Linden J. Protection from ischemic liver injury by activation
of A2A adenosine receptors during reperfusion: inhibition of
chemokine induction. Am. J. Physiol. 2004;286(2):285-293.
DOI: 10.1152/ajpgi.00348.203.

8. Chunn J.L., Molina J.G., Mi T., Xia Y., Kellems R.E., Black-
burn M.R. Adenosine-dependent pulmonary fibrosis in ade-
nosine deaminase-deficient mice. The Journal of Immunology.
2005;175(3):1937-1946. DOI: 10.4049/jimmunol.175.3.1937.

9. Antonioli L., Fornai M., Colucci R., Ghisu N., Tuccori M., Del
Tacca M. et al. Pharmacological modulation of adenosine sys-
tem: novel options for treatment of inflammatory bowel diseas-
es. Inflamm. Bowel. Dis. 2008;14(4):566—574. DOI: 10.1002/
ibd.20316.

10. Cristalli G., Costanzi S., Lambertucci C., Lupidi G., Vittori S.,
Volpini R. et al. Adenosine deaminase: functional impli-

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

cations and different classes of inhibitors. Medicinal Re-
search Reviews. 2001;21(2):105-128. DOI: 10.1002/1098-
1128(200103)21:2<105::aid-med1002>3.0.co;2-u

. Gakis C. Adenosine deaminase (ADA) isoenzymes ADA1

and ADA2: diagnostic and biological role. Eur. Respir. J.
1996;9(4):632—633. DOI: 10.1183/09031936.96.09040632.

. Zavialov A.V., Gracia E., Glaichenhaus N., Franco R., Zavia-

lov A.V., Lauvau G. Human adenosine deaminase 2 induces
differentiation of monocytes into macrophages and stimulates
proliferation of t helper cells and macrophages. J. Leukoc.
Biol. 2010;88(2):279-290. DOI: 10.1189/j1b.1109764.
Watanabe N., Gao S., Kajigaya S., Diamond C., Alemu L.,
Ombrello A. et al. Analysis of deficiency of adenosine deam-
inase 2 pathogenesis based on single cell RNA sequencing
of monocytes. J. Leukoc. Biol. 2021;110(3):409-424. DOLI:
10.1002/JLB.3HI10220-119.

Giusti G. Adenosine deaminase. Methods of enzymatic
analysis. H. Bergmeyer (ed.). New York: Academic Press,
1974;2:1092-1099.

Miller M.R., Hankinson J., Brusasco V., Burgos F., Casaburi R.,
Coates A. et al. Standardisation of spirometry. Eur. Respir. J.
2005;26(2):319-338. DOI: 10.1183/09031936.05.00034805.
Wanger J., Clausen J.L., Coates A., Pedersen O.F., Brusas-
co V., Burgos F. et al. Standardisation of the measurement
of lung volumes. Eur. Respir. J. 2005;26(3):511-522. DOLI:
10.1183/09031936.05.00035005.

Graham B.L., Brusasco V., Burgos F., Cooper B.C., Jen-
sen R., Kendrick A. et al. 2017 ERS/ATS standards for sin-
gle-breath carbon monoxide uptake in the lung. Eur. Respir. J.
2017;49(1):1600016. DOI: 10.1183/13993003.00016-2016.

. Functional diagnostics of the state of external respiration.

Functional diagnostics: national guidelines. Edited by N.F.
Beresten’, V.A. Sandrikov, S.I. Fedorova. M.: GEOTAR-Me-
dia, 2019:566—645 (in Russ.).
Quanjer P.H., Tammeling G.J., Cotes J.E., Pedersen O.F., Pes-
lin R., Yennauft J.-C. Lung volumes and forced ventilatory
flows. Report Working Party Standardization of Lung Func-
tion Tests, European Community for Steel and Coal. Official
Statement of the European Respiratory Society. Eur. Respir. J.
1993;6:5-40. URL: https://erj.ersjournals.com/content/erj/6/
Suppl 16/5.full.pdf.
Mishra B.B., Lovewell R.R., Olive A.J., Zhang G., Wang W.,
Eugenin E. et al. Nitric oxide prevents a pathogen-permissive
granulocytic inflammation during tuberculosis. Nat. Microbi-
0l. 2017;2:17072. DOIL: 10.1038/nmicrobiol.2017.72.
Lebedev K.A., Ponyakina I.D. Immunogram in clinical prac-
tice. M., Science, 1990:224 (in Russ.).
Chushkin M.I., Ots O.N. Impaired pulmonary function af-
ter treatment for tuberculosis: the end of the disease? J.
Bras. Pneumol. 2017;43(1):38—43. DOI: 10.1590/s1806-
37562016000000053.
Gopal R., Monin L., Torres D, Slight S., Mehra S., McKenna K.C.
et al. SIO0A8/A9 proteins mediate neutrophilic inflamma-
tion and lung pathology during tuberculosis. Am. J. Respir.
Crit. Care Med. 2013; 188(9):1137-1146. DOI: 10.1164/rc-
cm.201304-08030C.
Panteleev A.V, Nikitina 1.Y., Burmistrova I.A., Kosmiadi G.A.,
Radaeva T.V., Amansahedov R.B. et al. Severe tuberculosis in

Bulletin of Siberian Medicine. 2022; 21 (4): 54-62 61



Dyakova M.Ye., Serebryanaya N.B., Kiryukhina L.D. et al. Molecular mechanisms of inflammation in the pathogenesis

humans correlates best with neutrophil abundance and lym- be too much. Immunology Letters. 2019;205:9-15. DOI:
phocyte deficiency and does not correlate with antigen-spe- 10.1016/j.imlet.2018.04.006.

cific CD4 T-cell response. Front. Immunol. 2017;8:963. DOI: 28. Hashikawa T., Takedachi M., Terakura M., Yamada S.,
10.3389/fimmu.2017.00963. Thompson L.F., Shimabukuro Y., Murakami I. Activation

25. Zavialov A.V., Gracia E., Glaichenhaus N., Franco R., of adenosine receptor on gingival fibroblasts. J. Dent. Res.

Zavialov A.V., Lauvau G. Human adenosine deaminase 2006;85(8):739-744. DOI: 10.1177/154405910608500810.
2 induces differentiation of monocytes into macrophages 29. Tamaki Z., Kubo M., Yazawa N., Mimura Y., Ashida R.,
and stimulates proliferation of T helper cells and macro- Tomita M. et al. Serum levels of soluble CD26 in patients
phages. J. Leukoc. Biol. 2010;88(2):279-290. DOI: 10.1189/ with scleroderma. J. Dermatol. Sci. 2008;52(1):67—-69. DOI:
j1b.1109764. 10.1016/j.jdermsci.2008.05.004.

26. Sun Y., Huang P. Adenosine A2B Receptor: from cell biology 30. Somborac-Bacura A., Buljevi¢ S., Rumora L., Culi¢ O.,
to human diseases. Front. Chem. 2016;4:37. DOIL: 10.3389/ Detel D., Pancirov D. et al. Decreased soluble dipeptidyl pep-
fchem.2016.00037. tidase IV activity as a potential serum biomarker for COPD.

27. Antonioli L., Fornai M., Blandizzi C., PacherP., Haské G. Ad- Clin. Biochem. 2012;45(15):1245-1250. DOI: 10.1016/j.clin-
enosine signaling and the immune system: When a lot could biochem.2012.04.023.

Authors contribution

Dyakova M.Ye. — conception and design, carrying out of the biochemical studies, analysis and interpretation of the data, drafting of the
article, critical revision of the manuscript for important intellectual content. Serebryanaya N.B. — drafting and editing of the manuscript,
critical revision of the manuscript for important intellectual content. Kiryukhina L.D. — carrying out and assessment of the comprehensive
study of the external respiration. Esmedlyaeva D.S. — carrying out of the biochemical studies. Yablonskiy P.K. — final approval of the
manuscript for publication.

Authors information

Dyakova Marina Ye. — Cand. Sci. (Biology), Senior Researcher, Research Institute of Phthisiopulmonology, St. Petersburg,
marinadyakova@yandex.ru, http://orcid.org/0000-0002-7810-880X

Serebryanaya Natalia B. — Dr. Sci. (Med.), Professor, Head of the Laboratory for General Immunology, Institute of Experimental
Medicine; Professor, Division of Cytology and Histology, Biology Department, St. Petersburg University; Professor, Department of
Clinical Mycology, Allergology, and Immunology, 1. I. Mechnikov North-Western State Medical University, St. Petersburg, nbvma@
mail.ru, http://orcid.org/0000-0002-2418-9368

Kiryukhina Larisa D. — Cand. Sci. (Med.), Leading Researcher, Head of the Department of Functional Diagnostics, Research Institute
of Phthisiopulmonology, St. Petersburg, kiryuhina larisa@mail.ru, http://orcid.org/0000-0001-6550-817X

Esmedlyaeva Dilyara S. — Cand. Sci. (Biology), Senior Researcher, Research Institute of Phthisiopulmonology, St. Petersburg,
diljara-e@yandex.ru, http://orcid.org/0000-0002-9841-0061

Yablonskiy Peter K. — Dr. Sci. (Med.), Professor, Director of the Research Institute of Phthisiopulmonology; Dean of the Medical
Department, St. Petersburg University, St. Petersburg, piotr yablonskii@mail.ru, http://orcid.org/0000-0003-4385-9643

(P<) Dyakova Marina Ye., marinadyakova@yandex.ru
Received 14.12.2021;

approved after peer review 14.04.2022;
accepted 09.06.2022

62 BionneTteHb cMbnpckon MegmumHbl. 2022; 21 (4): 54-62



