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ABSTRACT

Aim. To investigate the relationship between the differentiation status of breast cancer (BC) tumor cells (TC) of various 
molecular subtypes, the ability to metastasize, and the modulation of various cytokines in BC samples in vitro.

Materials and methods. Biopsies from invasive breast carcinoma of a non-specific type in 50 women, classified 
by the presence (Met+) and absence (Met–) of metastases in regional lymph nodes, were examined and categorized 
into 4 groups based on their molecular subtypes:  luminal A (Lum A), luminal B (Lum B), HER2/neu positive 
(HER2+), and triple negative (TN). Using enzyme-linked immunosorbent assay, spontaneous and mitogen 
complex-stimulated (MC) production of 14 cytokines was determined in the supernatant of cultured BC samples 
(IL-2, IL-6, IL-8, IL-10, IL-17, IL-18, IL-1β, IL-1Ra, TNFα, IFNγ, G-CSF, GM-CSF, VEGF, and MCP-1), on the 
basis of which the index of the MC effect  (IMCE) on cytokine production was calculated. The effect of stimulating 
the differentiation of TC was evaluated on the basis of cytomorphological criteria for reducing the relative content 
of low-grade cells (LGC) in BC samples.

Results. A statistically significant decrease in the relative content of  LGC under the influence of MC was detected in the 
Met+ and Met– groups. MC had a differentiating effect in luminal and HER2-positive subtypes, while in TN breast cancer 
samples, there was only a downward trend in the proportion of LGC. To assess the role of cytokines in the mechanism of 
the differentiating effect of MC on LGC, a neural network analysis of IMCE in the relationship of various cytokines was 
carried out. According to the results obtained, in Lum A, the leading role in the manifestation of the differentiation effect 
was associated with IL-1Ra and IL-6; in Lum B – with MCP-1 and GM-CSF; in HER2+ – with IFN-γ and MCP-1, and 
in TN – with IL-1β and IL-6. 

Conclusion. The data obtained indicate that the immune mechanisms mediating the differentiating MC effect on 
BC may vary in different molecular subtypes of BC.
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РЕЗЮМЕ 

Цель. Исследовать взаимосвязь между дифференцировочным статусом опухолевых клеток (далее КО) рака 
молочной железы (РМЖ) различных молекулярных подтипов, способностью к метастазированию и моду-
ляции в образцах РМЖ продукции различных цитокинов in vitro.

Материалы и методы. Исследовали биоптаты РМЖ (инвазивной карциномы молочной железы неспецифи-
ческого типа) 50 женщин при наличии (Мет+) и отсутствии (Мет-) метастазов в регионарных лимфатических 
узлах, разделенных на четыре группы по молекулярным подтипам РМЖ: люминальный А (Люм А), люминаль-
ный B (Люм B), HER2/neu позитивный (HER2+) и тройной негативный (ТН). С помощью иммуноферментного 
анализа в супернатанте  культивируемых образцов РМЖ определяли спонтанную и стимулированную ком-
плексом митогенов (КМ) продукцию 14 цитокинов (интерлейкин (IL) 2, IL-6, IL-8, IL-10, IL-17, IL-18, IL-1β, 
IL-1Ra, фактор некроза опухоли альфа, интерферон-гамма (IFNγ),  гранулоцитарный колониестимулирующий 
фактор, гранулоцитарно-макрофагальный колониестимулирующий фактор (GM-CSF), фактор роста эндотелия 
сосудов и моноцитарный хемоаттрактантный белок-1 (MCP-1)), на основе которой рассчитывали индекс вли-
яния КМ  на продукцию цитокинов (ИВКМ).  Эффект стимуляции дифференцировки КО in vitro оценивали на 
основе цитоморфологических критериев по снижению относительного содержания низкодифференцирован-
ных клеток (НДКО) в образцах РМЖ.

Результаты. Статистически значимое снижение НДКО под воздействием КМ выявлено в группах Мет+ и 
Мет-.  Комплекс митогенов оказывал дифференцировочный эффект при люминальных  и HER2-позитив-
ном подтипах, в образцах ТН  наблюдалась тенденция к снижению  НДКО. Для оценки роли цитокинов в 
механизме дифференцирующего действия КМ проведен нейросетевой анализ  ИВКМ в отношении различ-
ных цитокинов. Согласно полученным результатам, при  Люм А  ведущая роль в проявлении дифференци-
ровочного эффекта  была связана с  IL-1Ra  и IL-6, при Люм B – с MCP-1 и  GM-CSF, при HER2+  –  с  IFNγ 
и MCP-1, а при  ТН  – с IL-1β и IL-6. 

Заключение. Полученные данные свидетельствуют о том, что иммунные механизмы, опосредующие диф-
ференцировочное воздействие КМ на КО, РМЖ могут отличаться при различных молекулярных подтипах 
РМЖ. 

Ключевые слова: рак молочной железы, цитокины, молекулярные подтипы, клеточная дифференцировка
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INTRODUCTION

Despite significant advances in developing new 
treatments for breast cancer (BC), including targeted 
therapy and immunotherapy, the problem of resistance 
of breast cancer tumor cells (TC) to anticancer therapy 
continues to be a pressing concern [1]. Traditional 
approaches to BC treatment, such as chemotherapy and 
radiation therapy, target rapidly dividing cells, but they 
are not always effective against TC that are dormant at 
the time of treatment but retain the potential for tumor 
progression. In this regard, alternative strategies aimed 
at changing the biological properties of TC rather than 
just eliminating them are gaining increased interest. One 
such strategy is differentiation therapy [2, 3].

Differentiation therapy is an approach aimed at 
stimulating the differentiation of TCs, leading to a 
reduction in their proliferative activity and malignant 
potential. This approach is based on the idea that 
TCs retain the capacity for differentiation, and that 
targeting specific signaling pathways can restore a 
normal cell phenotype [3]. Differentiation therapy 
is already used in the treatment of certain types of 
cancer, such as acute promyelocytic leukemia, where 
the use of retinoic acid leads to the differentiation of 
blast cells and disease remission [4]. However, the 
application of differentiation therapy to solid tumors, 
such as BC, presents a more complex challenge. BC is 
a heterogeneous disease that is divided into different 
molecular subtypes, characterized by different 
prognoses and sensitivity to therapy [5, 6]. These 
subtypes differ in the expression of estrogen receptors 
(ER), progesterone receptors (PR), and human 
epidermal growth factor receptor 2 (HER2), as well as 
in the levels of expression of the proliferation marker 
Ki-67. Each BC subtype has a unique gene expression 
profile, and, therefore, its response to differentiation 
therapy may vary [7]. One of the factors regulating 
the differentiation of BC cells is the tumor cell 
microenvironment producing cytokines [8]. Cytokines 
can affect directly the differentiation of TC, both 
stimulating and inhibiting this process. For example, 

interleukin-6 (IL-6) can promote TC proliferation and 
BC metastasis, while interferon gamma (IFN-γ) can 
have an anti-tumor effect, inducing differentiation or 
apoptosis of BC TC [9, 10].

We have previously obtained data indicating 
that a mitogen complex (MC) consisting of lectins 
(phytohemagglutinin M, phytohemagglutinin P, 
concanavalin A) and lipopolysaccharide (LPS) has the 
ability to reduce the content of low-grade tumor cells 
(LGC) and, accordingly, increase the content of more 
differentiated forms of TCs in samples of invasive 
breast carcinoma in vitro [11]. In the present study, 
we investigated the effect of MС on the differentiation 
status of TC in BC samples of various molecular 
subtypes, as well as on the production of various 
cytokines by BC biopsy specimens. It is known that 
counting BC TC with varying grades of differentiation 
is critical for both diagnosis and prognosis of malignant 
neoplasms [12]. LGC contribute to a higher level of 
malignancy and aggressiveness of BC compared to 
more differentiated cells [13]. Clinical studies show 
that the presence of LGC in the tumor correlates with 
a poor prognosis. Their level is associated with a 
lower survival rate of patients and an increased risk of 
recurrence [14]. Therefore, when analyzing the results 
obtained, we primarily focused on assessing changes 
in the relative content of LGC, the counting accuracy 
of which due to their morphological characteristics is 
higher compared to differentiated TC.

The aim of the study was to investigate the 
relationship between the differentiation status of TC 
of different molecular subtypes of BC, the BC ability 
to metastasize, and the modulation of the production 
of various cytokines in BC samples in vitro.

MATERIALS AND METHODS
The study material comprised biopsy samples of BC 

(grade 2-3 invasive breast carcinoma of non-specific 
type) collected from 50 women aged 35–76 years with 
(Met+) or without (Met–) metastases to regional lymph 
nodes, as well as supernatants obtained during in vitro 
culturing of biopsy samples in a medium without MC 
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and in a medium containing MC, who were treated 
at Novosibirsk Regional Oncology Dispensary. 
The Ethics Committee of the Research Institute of 
Molecular Biology and Biophysics of the Federal 
Research Center for Fundamental and Translational 
Medicine approved this study (Minutes No. 28 dated 
September 27,  2023). The inclusion criterion for the 
study was newly diagnosed BC. Exclusion criteria 
were the presence of distant metastases, exacerbation 
of chronic diseases, and neoadjuvant therapy. Patients 
were divided into 4 groups depending on a particular 
molecular subtype of the tumor: Luminal A (Lum A), 
Luminal B (Lum B), HER2/neu positive (HER2+), 
and triple negative (TN).

To stimulate the differentiation of BC TC and mo- 
dulate cytokine production in vitro, we used a compositi- 
on of four MCs, specifically: phytohemagglutinin M 
at a concentration of 2.0 μg/ml, phytohemagglutinin 
P at a concentration of 2.0 μg/ml, concanavalin A at 
a concentration of 4.0 μg/ml, and lipopolysaccharide 
(LPS) at a concentration of 2.0 μg/ml [11]. Tumor 
biopsy samples obtained by core needle biopsy with an 
8 mm3 volume were placed into two glass vials. One vial 
contained only DMEM-F12 nutrient medium, and the 
other contained MC in the same volume of the medium. 
All samples were then cultured for 72 hours at 37 0C. 
Next, the biopsy samples were removed from the culture 
medium and fixed in a neutral formalin solution for further 
morphological examination, and cytokine concentrations 
in the obtained supernatants were determined using 
solid-phase enzyme-linked immunosorbent assay: IL-2, 
IL-6, IL-8, IL-10, IL-17, IL-18, IL-1b, IL-1Ra, TNFα, 
IFNγ, G-CSF, GM-CSF, VEGF, and MCP-1. The index 
of the MC effect  on cytokine production by tumor 
samples was calculated using the formula: IMCE = A 
/ B, where A is the concentration of the cytokine in the 
supernatant of the BC biopsy sample after stimulation 
of the tumor with CM (CM+), B is the concentration of 
the cytokine in the supernatant of the BC biopsy sample 
without MC stimulation (MC–). For morphological 
examination, BC biopsy samples fixed in formalin 
were dehydrated and embedded in paraffin, followed 
by preparation of sections with thickness of 4–5 μm. 
Deparaffinization and rehydration of BC samples were 
carried out according to the standard method using 
a xylene – ethanol sequence. The obtained sections 
were stained with hematoxylin and eosin according to 
the standard method. The study was conducted using 
light microscopy at ×400 magnification. The grade 
of differentiation of TC in BC samples was evaluated 
according to the cytomorphological criteria described 

in our study [11], taking into account the Nottingham 
histologic grade [15]. The relative content (%) of low-
grade TC (LGC), as well as intermediate-grade (IGC) 
and high-gradeC (HGC), was counted. The presence 
of the stimulating effect of BC TC differentiation when 
exposed to MC was determined by a decrease in the 
relative content of LGC in BC samples and expressed 
as an index of the MC effect on the differentiation of 
(IEMC LGC) equal to the ratio of the amount of LGC 
in BC samples without MC exposure to the amount of 
LGC after MC exposure [11].

The level of statistical significance of the 
differences between the groups was determined using 
the non-parametric paired Wilcoxon test. Indicators 
were expressed as the median (Me), lower and upper 
quartiles (Q1; Q3). Calculations of medians and lower 
and upper quartiles were performed using the Statisticа 
v. 7.0 software package. Neural network analysis 
was performed using the IBM SPSS Statistics v. 22.0 
software package. The study used a neural network 
model (NNM) generated based on the Multilayer 
Perceptron module. The input layer included 15 
neurons, one hidden – three neurons, and the output – 
one neuron. The activation function of the hidden layer 
is “hyperbolic tangent”, the activation function of the 
output layer is “sigmoid”. The use of a “hyperbolic 
tangent” in the hidden layer allowed the NNM to 
learn on non-linear dependencies between input and 
output data. The activation function of the output layer 
“sigmoid” allowed to interpret the output value as the 
probability of belonging to the class “differentiation 
stimulation” (value 0 or 1). The choice of the Multilayer 
Perceptron”architecture (one hidden layer with three 
neurons) was due to the relatively small amount of data, 
in order to reduce the probability of overfitting the NNM. 
The input parameters for the perceptron were the values 
of the IMCE. The target variable in the NNM was the 
presence or absence of the effect of TC differentiation 
stimulation in the corresponding BC samples (values 
0 and 1). Since the relationship between cytokines and 
the effect of TC differentiation could vary for different 
subtypes of BC, a separate NNM was formed for each 
subtype. The data of each group of patients were divided 
into training and test samples in an approximate ratio of 
80/20 (%) or 70/30 (%). The division was performed 
randomly, but with the preservation of the proportions 
of classes (0 and 1) in both samples (stratified division). 
The neural network was trained on the training sample, 
and the accuracy of the NNM was evaluated on the test 
sample. For Lum A, the data were randomly divided 
into training and test samples in a ratio of 14/4. For 
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Lum B, HER2+, and TN subtypes, the data were 
randomly divided into training and test samples in the 
ratios 9/3, 5/2, and 9/3, respectively. The batch training 
method and the gradient descent algorithm were used. 
NNM training was performed under similar training 
parameters for different BC subtypes: standardization 
of input predictors using normalization: (x – min) / 
(max – min)); initial learning rate was 0.4; moment – 
0.9; center of the interval – 0; interval bias – ±0.5. 
The accuracy of the neural network model (ANNM) 
for determining class 1 – “presence of differentiation 
effect” (Positive Predictive Value) was calculated 
using the formula: ANNM = (TP / (TP + FP)), where 
TP (True Positive) is the number of samples with a 
“differentiation effect” that are correctly classified 
by the model as having a “differentiation effect”, FP 
(False Positive) – the number of samples without a 
“differentiation effect” that are erroneously classified 
by the model as having a “differentiation effect”. The 
ANNM, obtained on the training and test sets was the 

following: for NNM LumA – 92.31% and 100%, for 
NNM LumB – 87.5% and 100%, for HER2+ – 80% and 
100%, for NNM TN – 75% and 66.7%, respectively. 
After training the NNM, the “normalized importance” 
(NI) of each input predictor was calculated, which is 
an estimate of the relative strength of the influence 
of the input variable on predicting the target variable 
– the presence or absence of the effect of stimulation 
of TC differentiation in BC samples after MC  
exposure.

RESULTS
Table 1 presents data demonstrating the effect of 

MC on the relative content of LGC, IGC, and HGC 
in BC samples from patients with (Met+) and without 
(Met–) metastases to regional lymph nodes, as well as 
in patients not separated by the presence or absence of 
lymphogenous metastasis.

In all subgroups of patients (with or without 
metastases), a statistically significant decrease in the 

T a b l e  1

Effect of MC on the Relative Content of LGC, IGC, and HGC in BC Samples, Me  (Q1; Q3), %

BC Patients Samples Relative content
 of LGC, %

Relative content 
of HGC+IGC, %

Without separation 
for metastasis

MC – (n = 50) 22.32 (16.67; 27.06) 77.68 (72.94; 83.33)
MC+ (n = 50) 16.36*** (12.07; 21.55) 83.64*** (78.45; 87.93)

Without metastasis (Met–)
MC – (n = 29) 18.57 (15.00; 24.59) 81.43 (75.41; 85.00)
MC + (n = 29) 14.89*** (12.07; 18.22) 85.11*** (81.78; 87.93)

With metastasis (Met+)
MC – (n = 21) 23.45 (21.11; 30.38) 76.55 (69.62; 78.89)
CM+ (n = 21) 17.64*** (15.12; 23.61) 82.36*** (76.39; 84.88)

____________
Differences are statistically significant when comparing MC+ samples with MC– samples. **p < 0.0001 (paired Wilcoxon test)

relative content of LGC was observed in BC samples 
in response to MC exposure (MC+), which indicates 
that MC can affect the differentiation of BC TC, 
shifting them towards more mature forms. Analysis of 
the data obtained, depending on the metastatic status 
(Met– and Met+), showed that the effect of MC on 
TC differentiation was maintained regardless of the 
presence or absence of metastases in the lymph nodes. 
The differences between the MC+ and MC– sample 
groups were statistically significant for both patients 
with metastases (Met+) and patients without metastases 
(Met–). Comparing the medians (Me) for each sample 
group, one can estimate the degree of a decrease in LGC 
content under the influence of MC. In the overall patient 
cohort, without segregating bu the presence or absence 
of metastases, the median decreased from 22.32% (MC–
) to 16.36% (MC+). In the group of patients without 
metastases (Met–), the median relative content of LGC 

decreased from 18.57% (MC–) to 14.89% (MC+), and 
in the group of patients with metastases (Met+) – from 
23.45% (MC–) to 17.64% (MC+). 

Table 2 presents the results of studying the MC effect 
on the relative content of cells with varying grades of 
differentiation in BC samples of different molecular 
subtypes: Lum A, Lum B, HER2+, and TN. It was 
established that in Lum A samples, a statistically 
significant decrease in the relative content of LGC was 
observed in MC+ samples compared to MC– samples 
(p = 0.00159). This suggests that MC may promote 
TC differentiation in this BC subtype. Similarly, in 
the Lum B subtype, a statistically significant decrease 
in LGC content was also observed in MC+ samples 
(p = 0.00963). The median decreased from 22.18% 
to 17.26%, which also indicates the ability of MC to 
induce differentiation in Lum B cells. In the HER2+ 
subtype, a statistically significant decrease in the 

Arkhipov S.A., Mikhaylova E.S., Arkhipova V.V. et al. The Differentiation Status of Breast Cancer Cells, its Association with Metastasis
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relative content of LGC was also observed in MC+ 
samples compared to MC– samples (p = 0.03125). 
In the TN group, although there is a trend towards 
a decrease in the content of LGC in MC+ samples 
compared to MC– samples, this decrease did not reach 
statistical significance (p = 0.05974).

In order to assess the likely role of cytokines in 
stimulating BC cell differentiation under the influence 
of MC, a study was conducted on the effect of MC 
on cytokine production by BC samples when they 
were cultured in a medium containing MC. The 
indices of mitogen complex effect  (IMCE) were 
calculated equal to the ratio of the concentration of 
the studied cytokines in the supernatants with MC to 
the concentrations of cytokines in the supernatants of 
BC samples cultured in a medium without MC. At the 
same time, the LGC effect index was calculated, equal 
to the ratio of the number of LGC in samples cultured 
in a medium without MC to the number of LGC in 
samples cultured in a medium containing MC. On the 
basis of neural network analysis methods, NNMs were 
formed and trained separately for each BC subtype, on 
the basis of which the NI of each input predictor of 
the independent variable – the index of the MC effect 
on the production of a cytokine – was calculated in 
predicting the target dependent variable, to which 
only two values were assigned – the presence of 
differentiation stimulation (1) or its absence (0). When 
the LGC IMCE value exceeded 1.1, the presence of a 
differentiation effect was noted, and when the value 
was less than or e ual to 1.1 – its absence. The validity 
of this choice of assessment was justified by the fact 
that, in the group comparison of the relative content of 
LGC in BC samples after culturing in a medium with 
MC and without MC, provided that their ratio exceeds 

1.1, the differences (evaluated by the paired Wilcoxon 
test) were significant (Table 3).

T a b l e  3

Results of Neural Network Analysis of the Role of IMCE  
of Various Cytokines in the Development of the Differentiation 

Effect of LGC BC under the Action of MC in BC of Various 
Molecular Subtypes

EICM
Molecular BC Subtype

Lum A Lum B Her2+ TN
Normalized importance (NI), %

IL-2 30.0 48.7 44.0 47.4
 IL-4 44.3 18.7 36.5 56.7
IL-6 87.3 14.1 67.9 81.9
IL-8 74.3 70.9 52.3 32.5
IL-10 34.2 45.0 45.6 41.8
IL-17 51.0 32.1 91.9 67.6
IL-18 36.3 68.7 43.2 45.8
IL-1β 28.0 13.2 84.0 100.0
IL1-Ra 100.0 28.7 54.8 41.0
TNFα 69.7 17.7 21.5 47.0
IFNγ 80.9 12.2 100.0 63.9
G-CSF 40.8 30.9 58.2 45.7
GM-CSF 29.1 76.5 73.2 44.9
VEGF 69.6 21.9 42.4 42.7
MCP-1 57.8 100.0 96.4 35.7

The results of the neural network analysis of the 
association of IMCE with the production of various 
cytokines by BC samples and the LGC IMCE, 
depending on the molecular genetic subtype of BC, are 
presented in Table 3. It is shown that in Lum A BC, the 
IMCE IL-1Ra had a maximum NI value (100%), which 
indicates the leading role of IL-1Ra in the manifestation 
of the effect of differentiation of TC under the action 
of MC in tumor samples of this subtype. At the same 
time, high NI values of the IMCE were established for 
a number of other cytokines: IFNγ (NI = 80.9%), IL-6 

T a b l e  2

Effect of MC on the Relative Content of LGC, HGC and MGC in BC Samples of Different Molecular Subtypes

Molecular BC 
Subtype Samples Relative content of LGC, % Relative content of HGC+IGC, %

Lum A
MC– (n = 18) 18.52 (15.61; 25.32) 81.48 (74.62; 84.39)
MC+ (n = 18) 15.77** (11.01; 20.08) 84.23** (79.92; 88.99)

 Lum B
MC– (n = 12) 22.18 (18.37; 27.06) 77.82 (72.94; 81.63)
MC+ (n = 12) 17.26** (13.19; 22.5) 82.74** (77.5; 86.81)

HER2+
CM– (n = 7) 17.38 (12.71; 24.57) 82.62 (75.43; 87.30)
CM+ (n = 7) 15.67* (9.68; 24.55) 84.33* (75.45; 90.32)

TN
CM– (n = 12) 23.26 (21.87; 29.98) 76.74 (70.03; 77.69)
CM+ (n = 12) 15.79 (14.23; 18.76) 84.21 (77.84; 85.48)

____________
Differences are statistically significant when comparing MC+ samples with MC– samples. *p < 0.05; *p < 0.01 (paired 
Wilcoxon test)
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(NI = 87.3%), TNFα (NI = 69.7%), and VEGF (NI = 
69.6%). In Lum B, the largest value of NI was shown 
by MCP-1 (100%). A relatively high level of NI was 
also identified for cytokines: GM-CSF (NI = 76.5%),  
IL-8 (NI = 70.9%), and IL-18 (NI = 68.7%).

For HER2+ BC, other combinations of cytokines 
with large NI values were identified: IFNγ (NI = 
100%), MCP-1 (NI = 96.4%), IL-17 (NI = 91.9%), 
and IL-1β (NI = 84.0%). In TN BC, the highest NI 
was shown by IL-1β (NI = 100%). At the same time, 
highly significant cytokines in the development of 
the effect of TC differentiation under the MC effect 
were  IL-6 (NI = 81.9%), IL-17 (NI = 67.6%), and 
IFNγ (NI = 63.9%). Thus, the neural network analysis 
of the importance of the IMCE values of various 
cytokines in the development of the effect of BC LGC 
differentiation exposed to MC showed significant 
differences between the molecular BC subtypes.

DISCUSSION
Currently, the prospects of differentiation therapy 

as an effective treatment method and its application 
remain limited due to a lack of understanding of 
the possible pathways of TC differentiation in solid 
malignant neoplasms, including a lack of sufficient 
information about the immunological mechanisms 
that can regulate these processes [1–3]. This study 
was aimed at investigating the likely immune 
mechanisms of the MC effect on the differentiation 
of BC cells, and in particular, on the formation of the 
cytokine network underlying this process.

The MC effect on the differentiation of BC cells 
turned out to depend on the molecular subtype of the 
tumor. The most pronounced effect was observed in 
Lum A and Lum B, where MC caused a statistically 
significant decrease in the relative content of LGC. 
Similar trends were observed in the HER2-positive 
subtype, although the effect was less pronounced. It 
is noteworthy that in (TN BC), only a trend towards a 
decrease in LGC was observed, which did not reach 
statistical significance. These data are consistent with 
the understanding of the molecular heterogeneity of 
BC and differences in the mechanisms of regulation 
of differentiation in various BC subtypes. Presumably, 
MC affects specific signaling pathways that play a 
more important role in the differentiation of luminal 
and HER2-positive tumors than in TN BC. This may 
also be due to the heterogeneity of TN BC and its 
known resistance to various types of therapy [16].

The results of the neural network analysis showed 
significant differences in the NI of various cytokines 

depending on the molecular subtype of BC. Differences 
in the NI of cytokines between BC subtypes reflect the 
diversity of the tumor’s immune microenvironment. 
Thus, for Lum A BC, IL-1Ra, IFNγ, IL-6, TNFα, and 
VEGF played a key role in the effect of stimulating 
the differentiation of BC cells. The role of IL-1Ra may 
be related to its ability to block the pro-inflammatory 
effect of IL-1β, thereby shifting the regulatory 
balance towards the differentiation of Lum A TC 
[17, 18]. Presumably, IFNγ can directly induce the 
expression of genes involved in the differentiation of 
BC cells [19], and IL-6 and TNFα can have both pro-
inflammatory and differentiation effects depending on 
thebaseline level of their production [9, 20]. VEGF, 
as an angiogenesis factor, can affect the vascular 
microenvironment of the tumor and, indirectly, the 
differentiation of BC TC.

In BC Lum B, MCP-1, a chemokine involved in 
the recruitment and activation of macrophage cells 
[21], had the highest NI of IMCE. GM-CSF, IL-8, and 
IL-18 were also significant. As is known, GM-CSF 
stimulates the differentiation of myeloid cells [6], 
while IL-8 and IL-18 are involved in the regulation 
of inflammation and immune response [22, 23]. In 
HER2+, IFNγ had the highest IMCE NI, which may 
be due to its ability to activate a complex anti-tumor 
immune response and induce differentiation. At the 
same time, MCP-1, IL-17, and IL-1β may also play an 
important role in this process [24]. It should be noted, 
however, that due to the small sample of the HER2+ 
group, the results obtained for this HER2+ group 
by the neural network analysis method should be 
considered as preliminary and requiring confirmation 
with a larger sample.

In TN BC, the highest NI values were identified 
for the IMCE of IL-1β, IL-6, IL-17, and IFNγ, 
which may reflect the peculiarities of the immune 
microenvironment of this subtype. The fact that the 
IL-1β IMCE was of great importance for stimulating 
differentiation in triple-negative BC suggests that 
targeting the IL-1β signaling pathway may be a 
promising therapeutic approach for this particularly 
aggressive BC subtype.

The NI in neural network analysis is a tool for 
assessing the relative strength of the influence of 
variables on the expected effect, and not their share 
in the overall effect. Therefore, there is no universal, 
rigidly defined boundary for dividing predictors 
into “significant” and “insignificant” based on NI. 
Given that in our study, NI assesses the prognostic 
strength of each individual predictor (IMCE) in the 
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development of the TC differentiation effect, it is only 
possible to conditionally identify (for example, with 
NI > 65%) the most significant cytokines that affect 
the development of this effect in various BC subtypes: 
in Lum A – IL1-Ra, IL-6, IFNγ, IL-8, TNFα, and 
VEGF; in Lum B – MCP-1, GM-CSF, and IL-8; in 
HER2+ – IFNγ, MCP-1, IL-17, and IL-1β; in the TN 
subtype – IL-1β and IL-6.

Thus, the differences in the relationships we 
identified between the IMCE and the development 
of the differentiation effect under the action of MC 
may reflect complex interactions between various 
cells of the immune system that form the tumor 
microenvironment and the intratumoral cytokine 
network, which controls the processes that regulate 
the differentiation of BC cells. Some cytokines may 
directly affect differentiation, while others may 
modulate this process indirectly, through interaction 
with other components of the tumor microenvironment.

CONCLUSION
The results obtained are important for 

understanding the mechanisms underlying the effect 
of MC on the differentiation of BC cells. Identifying 
the key cytokines involved in this process can serve 
as the basis for developing new therapeutic strategies 
aimed at inducing the differentiation of tumor cells 
and increasing the effectiveness of BC treatment. 
The study results emphasize the importance of a 
personalized approach to the treatment of BC within 
the framework of differentiation therapy, taking into 
account the molecular subtype of the tumor.
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