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M. A. Nakvasina1, L. I. Popova2, O. V. Lidokhova2, and V. G. Artyukhov1

Translated from Byulleten’ Eksperimental’noi Biologii i Meditsiny, Vol. 166, No. 10, pp. 475-481, October, 2018
Original article submitted February 22, 2017

The effects of ROS on functional properties (cytotoxic activity, antibody-producing activity, 
TNFα synthesis, and free cytosol calcium level), membrane structure (by expression of some 
surface markers), and apoptosis of lymphocytic cells were estimated in the peripheral blood 
of healthy volunteers. 1O2, O2

–•, OH•, and H2O2 mostly suppressed cytotoxic activity of lym-
phocytes against Ehrlich ascites carcinoma cells and inhibited IgG synthesis and expression 
of receptors and surface markers (Fc receptors, CD3, CD19, and CD56). The exposure of 
lymphocytes to H2O2 (10—6 M), 1O2, and OH• was followed by an increase in the level of a 
secondary messenger, intracellular calcium, in comparison with non-exposed cells. The pres-
ence of exogenous calcium in the medium for lymphocyte suspending induced an increase in 
the number of cells at early and late stages of apoptosis 6 h after exposure to H2O2 and 1O2 
in comparison with lymphocytes incubated in Ca2+-free medium.
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Lymphocytes play the main role in the development 
of specific immune response as they can selectively 
recognize self and alien antigens and initiate an ac-
tive response for their elimination. Lymphocytes are 
directly involved in the neoplastic processes based on 
the recognition, neutralizing, and elimination of modi-
fied cells [10]. The search and development of targeted 
activation of immune response to developing tumors 
and enhancement of antigen properties of neoplastic 
cells are priority directions of modern biomedical in-
vestigations.

The role of ROS and activated oxygen metabolites 
(AOM) in the damage to the tissues, organs, cells, and 
molecules, functions of phagocytes and lymphocytes, 
regulation of vascular tone, carcinogenesis, inflam-
matory processes, ontogenesis and cell proliferation, 
and aging is extensively discussed [4,9,15]. Possible 
mechanisms of tumor-promoting effects of ROS at 
the second stage of carcinogenesis are studied. These 

mechanisms are mediated via stimulation of prolifera-
tion, changes in cell—cell interactions, stimulation of 
cell migration, and blockage of apoptosis [1]. Inflam-
mation associated with intensive ROS production at 
the stage of alteration is a risk factor of tumor de-
velopment. Considering the complex interactions be-
tween the tumor and immune cells of the host organ-
ism, essentially affected by the microenvironmental 
factors, including ROS, calcium ions and other me-
diators, model experiments focused on the analysis of 
specific features of functioning of immunocompetent 
and neoplastic cells during the exposure to these fac-
tors are needed. Elucidation of possible effects of 
ROS and ROM on lymphocytes and their compo-
nents is needed for the analysis and understanding 
of the mechanisms of functioning of immunocompe-
tent cells and regulation of their properties. This will 
help to develop the methods of immune correction as 
components of complex therapy of socially important 
human diseases, and to broaden modern understanding 
of targeted correction of functioning of organism cells 
during pathology and exposure to extreme environ-
mental factors.

Bulletin  of  Experimental  Biology  and  Medicine,  Vol.  166,  No.  4,  February,  2019  IMMUNOLOGY AND MICROBIOLOGY
DOI 10.1007/s10517-019-04377-4



482

Here we analyzed functional properties (cytotoxic 
activity, antibody-producing activity, and synthesis of 
TNFα, and free cytosol calcium level), structure of 
membranes (by the expression of surface makers), and 
apoptosis in human peripheral blood lymphocytes after 
exposure to exogenous ROS (superoxide anion radical, 
hydrogen peroxide, and singlet oxygen).

MATERIALS AND METHODS

Lymphocytes were isolated from the heparinized blood 
of volunteers, healthy men aging 18-45 years at the 
Branch of an Emergency Care Hospital of Voronezh 
Regional Blood Transfusion Station.

The lymphocytes were prepared by blood cen-
trifugation in Ficoll–Urografin density gradient [6]. 
The separation of lymphocytes to T and B cells was 
conducted by the Terasaki method [6]. The method of 
direct fluorescence was used to control the purity of T- 
and B-cell suspensions [6]. Lymphocytes not exposed 
to ROS served as the control.

The following systems of ROS generation were 
used for the experiments: hydroxyl radical (OH•) was 
produced in the system of univalent H2O2 reduction 
by metal ions [14]; superoxide anion radical (O2

–•) was 
generated in tetramethylethylenediamine-riboflavin 
system under the influence of visible light [14]; singlet 
oxygen (1O2) was produced by exposure of methylene 
blue to red light (Uloks device, Voronezh Branch of 
the State Research and Production Company Mirotek; 
radiation range 630-700 nm; peak 665±15 nm; radia-
tion intensity 20 mW/cm2). H2O2 in a final concentra-
tion of 10—6 M was used.

Cytotoxic activity of lymphocytes against Ehrlich 
ascitic carcinoma cells cultured in SHK laboratory 
mice was estimated by the colorimetric MTT-analysis 
[11]. To estimate the antibody-producing activity of 
human lymphocytes, the method of local hemolysis 
was used [3]. Lymphocyte viability was evaluated us-
ing standard trypan blue exclusion test [5].

The expression of Fc receptors CD3, CD8, CD19, 
and CD56 on the surface of native lymphocytes and 
lymphocytes modified by ROS was measured by ELI-
SA using special test-systems (Sorbent) [5]. TNFα 
concentration in the lysates of native and modified 
lymphocytes was estimated by ELISA test-systems 
(Proteinovyi kontur).

The intracellular level of free calcium ions was 
measured using fluorescent probe Fura-2AM (Sigma) 
on a Shimadzu-1501 spectrofluorometer [13].

The number of apoptotic cells in the lymphocyte 
suspension was evaluated by the flow cytofluorimetry 
on a CyFlow Space flow cytofluorimeter (Partec) and 
Annexin V-FITC Kit for apoptosis detection (Beck-
man Coulter).

Statistical analysis of the results was performed 
using StatGraphics software. Significance of differ-
ences between the study parameters in the treatment 
and control groups was estimated using Student’s t test 
at significance level of 95% [1].

RESULTS

Cytotoxic activity of lymphocytes in vitro is medi-
ated by T-cell-mediated antibody-independent and an-
tibody-dependent mechanisms [10]. Cytotoxic CD8+ T 
cells determine the T-cell-mediated antibody-indepen-
dent mechanism. Antibody-dependent cell cytotoxicity 
is realized by natural killers carrying FcγRIII receptors 
interacting with the target cell-IgG complex.

We observed a significant decrease in cytotoxic 
activity against Ehrlich ascitic carcinoma cells and 
antibody-producing activity (IgG) of lymphocytes ex-
posed to OH•, O2

–•, H2O2 (10—6 M), H2O2, and OH• in 
comparison with the control (Table 1).

Analysis of changes in TNFα level (a trigger of 
apoptosis in tumor cells) in lymphocytes subjected to 
oxidative modification showed that O2

–• and OH• stimu-
lated production of this cytokine, while H2O2 inhibited 
this process (Table 1).

The exposure of lymphocytes to O2
–•, OH•, and H2O2 

led to a decrease in the level of membrane Fc receptors, 
CD3, CD19, and CD56 receptors mediating cytotoxic 
activity in comparison with the control (Table 1).

It was found that 1O2
•, OH•, and H2O2 induced an 

increase in free calcium concentration (universal sec-
ondary messenger) in the lymphocytes suspended in 
Ca2+-containing and Ca2+-free media (Ca2+-free Hanks 
solution) in comparison with the control (Table 1). 
Calcium channel blocker verapamil (10—6 M) induced 
a significant reduction in Ca2+ concentration in the 
cells exposed to 1O2 and OH• in Ca2+-containing me-
dium (to 306.0±64.0 and 339.7±34.1 nmol/liter, re-
spectively, in comparison with cells exposed to ROS 
without verapamil treatment). Hence, the increase in 
the calcium level in the cytosol caused by ROS is 
determined by its release from intracellular depots, 
calcium entry from the medium via Ca2+ channels in-
hibited by verapamil, and impairment of structure of 
the plasma membranes due to LPO intensification.

The level of free Ca2+ in the cytoplasm is an im-
portant inducer of apoptosis in many cell types [7,12]. 
Calcium ions modulate the processes of proliferation 
of immune and tumor cells as well as effector func-
tions of immunocytes [12].

Flow cytometry allowed assessing quantitative 
parameters of apoptotic death of lymphocytes after the 
exposure to 1O2 and H2O2 with and without the addi-
tion of exogenous calcium to the suspension medium 
(Figs. 1-3).
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The exposure of lymphocytes, which were sus-
pended in Ca2+-containing and Ca2+-free medium with 
the following incubation for 1 h, to H2O2 did not in-
duce significant changes in the number of cells at early 
stage of apoptosis and late stages of apoptosis and 
necrosis in comparison with the control (Fig. 1). Un-
der conditions of 1O2 generation in Ca2+-containing 
medium, a slight increase in the number of cells at the 
early stages of apoptosis was noted (4.12% vs. 0.80% 
in the control). Addition of H2O2 to the cells suspend-
ed in Ca2+-containing and Ca2+-free medium followed 
by 3 h incubation did not significantly increased the 
amount of cells at the early stage of apoptosis and late 
stages of apoptosis or necrosis in comparison with 
unmodified cells (Fig. 2). The number of cells at the 
early stage of apoptosis after exposure to 1O2 in Ca2+-

containing medium increased to 14.14% (vs. 1.8% in 
the control). Flow cytometry of lymphocytes exposed 
to 1O2 and H2O2 revealed 20.87 and 9.08% cells at the 
early stage of apoptosis after 6-h incubation in Ca2+-
containing medium (Fig. 3); in Ca2+-free medium, the 
corresponding values were 6.23 and 1.63%. Under 
control conditions, this parameter was 7.90% in Ca2+-
containing medium and 2.35% in Ca2+-free medium.

Thus, 1O2, O2
–•, OH•, and H2O2 have predominantly 

inhibiting effects on the majority of the studied param-
eters of some lymphocyte components responsible for 
anti-tumor defense. Cytotoxic activity of lymphocytes 
against the of Ehrlich ascites carcinoma cells, IgG syn-
thesis, and expression of receptors and surface markers 
(Fc receptors, CD3, CD19, and CD56) decreased in 
comparison with the control. Oxidative modifications 

TABLE 1. Changes in Structural and Functional Parameters of Lymphocytes Exposed to ROS

Parameter Control О2
–• Н2О2 ОН• 1О2

Cytotoxic activity of mixed lymphocyte popu-
lation (65% T cells, 17% B cells, 18% NK) 
against Ehrlich ascites carcinoma cells, % 100 91.2±2.0* 68.5±0.6* 95.8±1.6* 99.7±0.8

Cytotoxic activity of T-cell suspension (87%  
T cells, 4% B cells, 9% NK) against Ehrlich 
ascites carcinoma cells, % 100 90.5±3.0* 85.5±4.3* 88.7±3.1* 93.6±1.2*

Antibody-producing activity of B cells  
(measured by IgG), % 100 152.0±8.9* 67.0±15.6 70.0±13.3* 100.0±20.0

TNFα production, pg/ml 50.1±0.8 60.1±0.9* 44.2±0.5* 60.7±1.2* 50.3±0.1

Expression of Fc receptors (CD16, CD32,  
and CD46), opt. density units 0.50±0.01 0.46±0.01* 0.41±0.01* 0.43±0.01* 0.31±0.02*

Expression of CD3 (transmits signal activating 
cytotoxic apparatus of T lymphocytes and NK), 
opt. density units 0.46±0.01 0.36±0.01* 0.34±0.02* 0.38±0.01* 0.42±0.01*

Expression of CD8 (co-receptor for T-cell re-
ceptor binding with MHC-1), opt. density units 0.38±0.01 0.40±0.01 0.40±0.02 0.38±0.01 0.39±0.01

Expression of CD19 (additional signal-transduc-
ing molecule associated with B-cell antigen-
recognition receptor), opt. density units 0.50±0.01 0.39±0.02* 0.38±0.01* 0.47±0.01* 0.47±0.02

Expression of CD56 (exclusive marker of NK  
involved in adhesion and activation),  
opt. density units 0.30±0.01 0.21±0.01* 0.23±0.02* 0.26±0.01* 0.27±0.02

Intracellular Ca2+ concentration in lymphocytes 
suspended in Ca2+-containing medium 121.9±15.7 — 260.0±43.1* 436.3±48.0* 521.2±61.2*

Intracellular Ca2+ concentration in lymphocytes 
suspended in Ca2+-free medium 114.6±32.7 — 241.2±71.2* 226.2±20.8* 275.0±77.5*

Phosphatidylserine-positive lymphocytes at the 
early stage of apoptosis after 6-h incubation of 
modified cells in Ca2+-containing medium, % 7.90 — 9.08 — 20.87

Phosphatidylserine-positive lymphocytes at the 
early stage of apoptosis after 6-h incubation of 
modified cells in Ca2+-free medium, % 2.35 — 1.63 — 6.23

Note. The data are presented as M±CI; *p<0.05 in comparison with the control.

M. A. Nakvasina, L. I. Popova, et al.



484

Fig. 1. Flow cytometry analysis of lymphocytes in 1 h after modification. a) Control in Ca2+-containing medium; b) control in Ca2+-free 
medium; c) H2O2 in Ca2+-containing medium; d) H2O2 in Ca2+-free medium; e) 1O2 in Ca2+-containing medium; f) 1O2 in Ca2+-free medium.

Fig. 2. Flow cytometry analysis of lymphocytes in 3 h after modification. a) Control in Ca2+-containing medium; b) control in Ca2+-free 
medium; c) H2O2 in Ca2+-containing medium; d) H2O2 in Ca2+-free medium; e) 1O2 in Ca2+-containing medium; f) 1O2 in Ca2+-free medium.
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of the components of lymphocyte membranes change 
the expression of receptors and secondary messengers, 
modify functional properties, and, finally, lead to death 
of the studied cells. Significant increase in the intra-
cellular concentration of free Ca2+ that depends on the 
level of exogenous calcium observed after exposure 
of lymphocytes to ROS triggers changes in functional 
properties of lymphocytes and induces their apoptotic 
death. The presence of calcium in the medium for 
lymphocyte suspension during exogenous generation 
of ROS accelerates apoptotic death of these cells.

Taking into account the fact that certain stages 
of tumor development are associated with significant 
intensification of free radical processes [8], it can be 
suggested that ROS along with problastomic factors 
suppressing the immunity and accelerating tumor 
growth inhibit the functions of lymphocytes in the 
pathological focus. Probably, immunocytes should be 
protected from oxidative stress under these conditions.

The relative resistance of the study parameters of 
structural and functional properties of lymphocytes 
(cytotoxic activity, antibody-producing activity, TNFα 
level, and expression of CD3, CD19, and CD56) to 
singlet oxygen observed in our study can be used in 
the analysis of the mechanisms of photodynamic ther-
apy of tumors, because it can promote stable function-

Fig. 3. Flow cytometry analysis of lymphocytes in 6 h after the modification. a) Control in Ca2+-containing medium; b) control in Ca2+-free 
medium; c) H2O2 in Ca2+-containing medium; d) H2O2 in Ca2+-free medium; e) 1O2 in Ca2+-containing medium; f) 1O2 in Ca2+-free medium.

ing of immunocytes under conditions of 1O2 generation 
in the pathological focus.

The obtained data enlarge modern understanding 
on the changes in structural and functional parameters 
of human peripheral blood lymphocytes indicating 
their involvement to the anti-tumor immunity during 
the exposure to ROS. These results should be taken 
into account for the development of correction meth-
ods for human immunocompetent cell impairments 
during malignant tumors and pathologies associated 
with the intensification of free radical processes.
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