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ОСОБЕННОСТИ ИЗМЕНЕНИЙ УРОВНЯ ЭКСПРЕССИИ 
РЕЦЕПТОРОВ TNFαα И ФУНКЦИОНАЛЬНОГО ОТВЕТА 
КЛЕТОЧНЫХ ЛИНИЙ ПРИ СТИМУЛЯЦИИ РАЗЛИЧНЫМИ 
ДОЗАМИ ЦИТОКИНА
Лопатникова Ю.А., Жукова Ю.В., Альшевская А.А., Облеухова И.А., 
Киреев Ф.Д., Беломестнова И.А., Сенников С.В. 
ФГБНУ «Научно-исследовательский институт фундаментальной и клинической иммунологии», 
г. Новосибирск, Россия

Резюме. TNFα является провоспалительным цитокином, передача сигналов которого осущест-
вляется через рецепторы типа 1 (TNFR1) и типа 2 (TNFR2). TNFR1 обычно опосредует апоптоз, 
выживание клеток и секрецию цитокинов, в то время как TNFR2 избирательно опосредует выжи-
вание клеток и секрецию цитокинов. В некоторых случаях при активации рецепторов происходит 
изменение функционального ответа клеток на противоположный. Активация сигнальных путей 
имеет свои пусковые механизмы, отличающиеся при взаимодействии между разными формами ци-
токина и разными формами рецепторных комплексов, а также при изменении соотношения раз-
личных типов рецепторов. Изучение механизмов регуляции в системе лиганд-рецептор является 
приоритетной задачей многих исследований. В данной работе показано дозозависимое влияние 
TNFα на экспрессию цитокиновых рецепторов и изменение функционального ответа опухолевых 
клеточных линий различного происхождения. Для этого в исследовании проводили сравнительную 
оценку экспрессии и ко-экспрессии рецепторов, фаз клеточного цикла и апоптоза клеточных ли-
ний без стимуляции и стимулированных TNFα в концентрациях 5 и 50 нг/мл. Было выявлено, что 
для клеточной линии K562 характерны более выраженные изменения ко-экспрессии рецепторов, 
которые наблюдались при концентрации TNFα 50 нг/мл по сравнению как с контрольной группой, 
так и с группой 5 нг/мл. Снижение относительного содержания клеток, экспрессирующих толь-
ко TNFR1, сочеталось со снижением процента клеток в апоптозе, что подтверждает литературные 
данные о роли данного рецептора в развитии апоптоза. При этом изменений плотности экспрессии 
для этой клеточной линии не наблюдалось. Для клеточной линии ZR75-1 наибольшее количество 
эффектов было выявлено также для концентрации TNFα 50 нг/мл. Увеличение относительного со-
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держания клеток, экспрессирующих только TNFR2, сочеталось с увеличением апоптоза, однако 
плотность экспрессии данного типа рецептора была низкой, что могло повлиять на переключение 
сигнальных путей в сторону проапоптотических. Таким образом, наше исследование позволило 
выявить особенности изменений экспрессии и ко-экспрессии рецепторов TNFα, характерных для 
клеточных линий различного происхождения, а также изменение функционального ответа клеток 
в ответ на стимуляцию различными дозами цитокина. Все это позволяет расширить представления 
о регуляторных механизмах в системе цитокин-рецептор.

Ключевые слова: фактор некроза опухоли альфа, клеточные линии, рецепторы фактора некроза опухоли 1-го типа, 
рецепторы фактора некроза опухоли 2-го типа, апоптоз, плотность экспрессии рецепторов

FEATURES OF CHANGES IN THE EXPRESSION LEVEL  
OF TNFαα RECEPTORS AND THE FUNCTIONAL RESPONSE 
OF CELL LINES UPON STIMULATION WITH VARIOUS DOSES 
OF CYTOKINE
Lopatnikova Yu.A., Zhukova Yu.V., Alshevskaya A.A., 
Obleukhova I.A., Kireev F.D., Belomestnova I.А., Sennikov S.V. 

Research Institute of Fundamental and Clinical Immunology, Novosibirsk, Russian Federation

Abstract. TNFα is a pro-inflammatory cytokine that is signaled through type 1 (TNFR1) and type 2 
(TNFR2) receptors. TNFR1 normally mediates apoptosis, cell survival, and cytokine secretion, while TNFR2 
selectively mediates cell survival and cytokine secretion. But in some cases, when receptors are activated, the 
functional response of cells changes to the opposite. Activation of signaling pathways has its own triggers, 
which differ in the interaction between different forms of cytokine and different forms of receptor complexes, 
as well as changes in the ratio of different types of receptors. The study of the mechanisms of regulation in 
the ligand-receptor system is a priority task for many studies. This work shows the dose-dependent effect of 
TNFα on the expression of cytokine receptors and changes in the functional response of tumor cell lines 
of various origins. For this, a comparative assessment of the expression and co-expression of receptors, cell 
cycle phases and apoptosis of cell lines without stimulation and stimulated with TNFα at concentrations of 
5 and 50 ng/mL was carried out. It was found that the K562 cell line was characterized by more pronounced 
changes in receptor co-expression, which were observed at a TNFα concentration of 50 ng/mL compared to 
both the control group and the 5 ng/mL group. The decrease in the relative content of cells expressing only 
TNFR1 was combined with a decrease in the percentage of cells in apoptosis, which confirms the literature 
data on the role of this receptor in the development of apoptosis. At the same time, no changes in expression 
density were observed for this cell line. For the ZR75-1 cell line, the largest number of effects was also found 
for a TNFα concentration of 50 ng/mL. An increase in the relative content of cells expressing only TNFR2 
was combined with an increase in apoptosis; however, the expression density of this type of receptor was low, 
which could affect the switching of signaling pathways towards proapoptotic ones. Thus, our study allowed 
us to reveal the features of changes in the expression and co-expression of TNFα receptors characteristic of 
cell lines of various origins, as well as changes in the functional response of cells in response to stimulation 
with different doses of cytokine. All this allows us to expand our understanding of the regulatory mechanisms 
in the cytokine-receptor system.

Keywords: tumor necrosis factor alpha, cell lines, tumor necrosis factor receptor 1, tumor necrosis factor receptor 2, apoptosis, receptor 
expression density
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Introduction
TNFα is a pro-inflammatory cytokine that 

is signaled through type 1 (TNFR1) and type 2 
(TNFR2) receptors. TNFR1 is ubiquitously expressed 
on most cell types. TNFR2 expression has been 
predominantly described for immune cells. TNFR1 
and TNFR2 have structurally different intracellular 
domains that activate different signaling pathways. 
TNFR1 normally mediates apoptosis, cell survival, 
and cytokine secretion, while TNFR2 selectively 
mediates cell survival and cytokine secretion [4]. 
However, in some cases, when the receptors are 
activated, the functional response of the cell changes 
to the opposite. These processes depend on several 
possible variants of signaling, which are currently 
being actively studied [7]. The triggering of signaling 
pathways, in turn, has its own triggers. One of the 
activation mechanisms can be the interaction between 
different forms of cytokine and different forms of 
receptor complexes, as well as a change in the ratio of 
different types of receptors [2, 3, 5]. 

Another mechanism is conformational changes 
in the receptor, which lead to signaling switching 
[6]. Finally, regulation may depend on changes in 
the ligand-receptor ratio. When the threshold level 
of receptor expression density is reached, switching 
of signaling pathways is possible [8]. Despite a large 
number of hypotheses, there is no common under-
standing of how the functional response of TNF 
receptors is mediated. The study of the mechanisms of 
regulation in the ligand-receptor system is a priority 
for many studies, but there are still many questions 
regarding the effect of cytokine on the distribution 
of various types of receptors and their expression 
density on cells, as well as the functional response 
to stimulation with various doses of the cytokine. 
Thus, the aim of our study was to study the effect of 
stimulation with different concentrations of TNF on 
the co-expression and absolute number of receptors on 
cells in combination with the assessment of apoptosis 
and cell cycle phases.

Materials and methods 
The object of the study is the culture of human cell 

lines: ZR-75-1 (breast carcinoma, ascitic fluid); and 
K562 (chronic myelogenous leukemia, pleural fluid). 
All cell lines were provided by the Institute of Cytology 
of the Russian Academy of Sciences (St. Petersburg, 
Russia).

 Cell cultivation was carried out in culture flasks 
(TPP, Switzerland) using RPMI-1640 medium con-
taining 10% fetal bovine serum (FBS) (HyClone, 
USA), 2 mM L-glutamine (BioloT Ltd., Russia), 

5 × 10-4 M 2-mercaptoethanol (Sigma-Aldrich, USA), 
80  µg/mL gentamicin (KRKA, Slovenia), 10 mM 
HEPES buffer (Sigma-Aldrich, USA), 100 µg/ mL 
of benzylpenicillin (JSC “Biosintez”, Russia), in an 
in cubator in a humid atmosphere at 37 °С and CO2 
concentration of 5%.

Evaluation of the dose-dependent effect of TNFα
To assess the dose-dependent effect of TNFα, 

cells were cultured for 72 hours in the absence and 
presence of recombinant TNFα at concentrations of 
5 and 50 ng/mL in plates (TPP, Switzerland) at the 
optimal density for each cell line. Cells were cultured 
in an incubator in a humid atmosphere at 37 °C and 
5% CO2.

Estimation of expression density and co-expression 
of receptors

Quantitative expression of TNFR1 and TNFR2 
receptors was assessed by flow cytometry using a 
commercial kit of BD QuantiBRITE PE calibration 
particles (BD Biosciences, USA). 

Two combinations of monoclonal antibodies were 
used to assess co-expression of TNFα type 1 and 2 
receptors (TNFR1 and TNFR2) on cells: 

TNFR1-Phycoerethrin (R&D System, USA) and 
TNFR2-Allophycocyanin (R&D System, USA); and 
TNFR1-Allophycocyanin (R&D System, USA) and 
TNFR2-Phycoerethrin (R&D System, USA). 

The relative abundance of double-negative (TNFR1-

TNFR2-), double-positive (TNFR1+TNFR2+) and 
cells expressing only TNFR1 (TNFR1+TNFR2-) and 
TNFR2 (TNFR1-TNFR2+) cells was determined as 
the average between the two experiments. The analysis 
was performed on a FacsVerse flow cytometer (BD, 
USA).

Assessment of cell cycle phases and apoptosis
For intracellular DNA labeling, 7-aminoactino-

mycin D (7-ADD) (BD Biosciences, USA) was 
used. The analysis was performed on a FacsVerse flow 
cytometer (BD, USA).

Statistical analysis
Statistical processing of the results was carried 

out using the GraphPad Prism version 8 application 
package and Microsoft Excel version 2010. 

Kruskal–Wallis rank analysis of variance was used 
to assess the difference between groups. Differences 
were considered statistically significant at p < 0.05.

Results and discussion
Co-expression of receptors
The study evaluated the dose-dependent effect 

of TNFα on receptor co-expression. Cell lines were 
incubated with TNFα at doses of 5 and 50 ng/mL 
and without TNFα. Evaluation of changes in co-
expression was carried out after 72 hours.

For the cell line ZR 75-1 (Figure 1), a statistically 
significant decrease in the percentage of double-
positive cells was observed for all concentrations of 
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Figure 1. Co-expression of receptors on K562 and ZR 75-1 cell lines upon stimulation with TNFαα at a dose of 5 and  
50 ng/mL and without addition of TNFαα
Note. Data are presented as medians normalized to mean values. *, indicate significant (p < 0.05, Kruskal–Wallis test for multiple comparisons).

Figure 2. Density of receptor expression on K562 and ZR75-1 cell lines upon stimulation with TNFαα at a dose of 5 and 
50 ng/mL and without addition of TNFαα
Note. Data are presented as medians. *, indicate significant (p < 0.05, Kruskal–Wallis test for multiple comparisons).

TNFα compared with the control group from 66.9% 
to 41.2% at a concentration of 5 ng/mL (p = 0.0039) 
and up to 39.9% at 50 ng/mL (p = 0.013). Also, this cell 
line was characterized by an almost two-fold increase 
in the percentage of cells expressing only TNFR2 
from 23.7% to 46.7% at a concentration of 5 ng/mL 
(p = 0.002) and up to 48.7% at a concentration of 
50 ng/mL (0.0062) compared to the control group. 
At the same time, the indicator between groups with 
a concentration of 5 and 50  ng/mL did not have 
significant differences. 

For the K562 cell line (Figure 1), more pronoun-
ced changes were detected. The percentage of cells 
expressing only TNFR1 decreased for a concentration 
of 50  ng/mL from 40% to 30% (p  =  0.0189) com-
pared with the control, while the percentage of cells 
expressing only TNFR2 increased from 8.6% to 
13.9% (p = 0.0098). The percentage of cells with 

double-negative cells was lower at 5 ng/mL compared 
to controls (13.3 and 20%, respectively) (p = 0.0096) 
and 50 ng/mL (25.1%) (p = 0.0046). Further, the 
study evaluated the change in the expression density 
of TNFR1 and TNFR2 receptors on cells with the 
addition of TNF at concentrations of 5 and 50 ng/mL 
and without TNF.

Changes in receptor expression density were 
significant only for the ZR75-1 cell line (Figure 2). 
There was a significant decrease in the amount of 
TNFR2 in the 5ng/mL group, both compared with the 
control (2661 and 6788, respectively (p = 0.002) and 
compared with the 50 ng/mL group (6184 p = 0.003). 
For the K562 cell line, statistically significant dif-
ferences were not found. Next, the functional res-
ponse of cells was evaluated, during which changes in 
the relative numbers of cells in various phases of the 
cell cycle and apoptosis were evaluated.

0 ng/mL
5 ng/mL
50 ng/mL

0 ng/mL
5 ng/mL
50 ng/mL
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The cell line ZR75-1 (Figure 3) was characterized 
by an increase in the percentage of cells in apoptosis 
from 1.1% to 2.8% (p = 0.0224) for the group with 
50 ng TNFα stimulation compared to the control. 
For the K562 cell line, the opposite picture was 
observed; in the 50 ng group, the percentage of cells 
in apoptosis decreased compared to the control from 
1.7 to 0.8% (p = 0.0003). As a result of the study, it 
was found that the K562 cell line is characterized by 
more pronounced changes in receptor co-expression, 
which were observed at a TNFα concentration of 
50 ng/mL compared to both the control group and the 
5 ng/mL group. The decrease in the relative content 
of cells expressing only TNFR1 was combined with a 
decrease in the percentage of cells in apoptosis, which 
confirms the literature data on the role of this receptor 
in the development of apoptosis [8]. At the same time, 
no changes in expression density were observed for 
this cell line. 

For the ZR75-1 cell line, the largest number of 
effects was also found for a TNFα concentration 
of 50 ng/mL. An increase in the relative content of 
cells expressing only TNFR2 was combined with an 
increase in apoptosis; however, the expression density 
of this type of receptor was low, which could affect the 
switching of signaling pathways towards proapoptotic 
ones [1]. 

Conclusion
Our study allowed us to reveal the features of 

changes in the expression and co-expression of 
TNFα receptors characteristic of cell lines of various 
origins, as well as changes in the functional response 
of cells in response to stimulation with different 
doses of cytokine. All this allows us to expand our 
understanding of the regulatory mechanisms in the 
cytokine-receptor system. 

Figure 3. Phases of the cell cycle and apoptosis in K562 and ZR75-1 cell lines upon stimulation with TNFαα at a dose 
of 5 and 50 ng/mL and without the addition of TNFαα
Note. Data are presented as medians. *, indicate significant (p < 0.05, Kruskal–Wallis test for multiple comparisons).
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