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Abstract

Aim: Tumor-immune hybrid cells (THCs) co-expressing leukocyte and epithelial markers arise from cell
fusion and may contribute to cancer progression. However, the phenotypic heterogeneity of THCs, their
association with macrophage lineage markers, and their clinical significance in breast cancer (BC) remain
poorly characterized.

Methods: Using multicolor flow cytometry, we analyzed primary breast tumors from 42 patients to
characterize THCs expressing pan-leukocyte antigen cluster of differentiation 45 (CD45) together with
epithelial markers epithelial cell adhesion molecule (EpCAM) and/or pan-cytokeratin. Expression of
macrophage/monocyte-associated markers (CD68, CD163, CD16, CD206) was assessed across THC
subpopulations.

Results: THCs were heterogeneous, with CD45"EpCAM*panCK™ and CD45*EpCAM panCK"* subpopulations
being most frequent, whereas CD45*EpCAM panCK" hybrids were rare. Within EpCAM* THCs, a substantial
proportion expressed M2-like markers (CD163*, CD206%), indicating an immunosuppressive, pro-tumor
phenotype. The proportion of THCs carrying macrophage markers was increased in larger tumors (T2) and
in node-positive cases (N1-3). Patients with the luminal B [human epidermal growth factor receptor 2
(HER2)7] subtype—characterized by higher proliferative activity—showed a significant enrichment of
hybrids expressing CD163 and CD206. Notably, specific rare THC subpopulations were associated with
distant metastasis during follow-up: the CD68°CD163"CD16°CD206~ phenotype within the
CD45'EpCAMpanCK* fraction and the CD68CD163°CD16°CD206" phenotype within the
CD45'EpCAM*panCK" fraction. The former, despite its very low frequency (cutoff 0.65%), showed the
highest diagnostic accuracy (95.65%) for predicting poorer survival (p = 0.012).

Conclusions: The predominance of M2-like THCs in more aggressive breast tumors, along with the
identification of rare hybrid phenotypes associated with distant metastasis, underscores the clinical
significance of these cells. Validation in larger cohorts is warranted to establish their utility as prognostic
biomarkers and to elucidate their functional role in BC progression.
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Introduction

As a heterogeneous disease, breast cancer (BC) prognosis and treatment depend on the tumor’s intrinsic
biological features. The standard predictive and prognostic BC biomarkers include estrogen/progesterone
receptor expression, human epidermal growth factor receptor 2 (HER2) expression, and Ki-67 proliferative
index [1]. However, substantial variability in disease outcomes within each molecular subtype underscores
the need to develop and validate additional prognostic markers capable of assessing individual patient
prognosis.

The tumor microenvironment (TME) is a complex ecosystem where cancer cells continuously interact
with a variety of stromal and immune cells, fundamentally shaping disease progression and therapeutic
response [2]. Among these interactions, the fusion of cancer cells with immune cells has emerged as a
mechanism capable of generating tumor-immune hybrid cells (THCs) [3, 4]. These hybrid cells often
acquire a unique amalgamation of traits from both parental cell types, including the migratory and invasive
properties of immune cells combined with the proliferative capacity of cancer cells, thereby potentially
facilitating metastasis and immune evasion [5]. The formation of THCs can occur through multiple
mechanisms, including direct cell fusion, trogocytosis (absorbs membrane components), and aberrant
expression of lineage-specific markers [6].

Accumulating evidence suggests that macrophages are a significant component of the TME and are
frequently implicated in the formation of THCs [7]. Tumor-associated macrophages (TAMs) can exhibit
distinct polarization states, with M2-macrophages generally promoting immunosuppression, angiogenesis,
and tumor progression [8]. Notably, experimental studies have indicated that M2-polarized monocytes may
possess a higher capacity to fuse with cancer cells compared to M1, giving rise to highly invasive hybrid
cells [9]. However, the precise composition, phenotypic heterogeneity, and clinical relevance of these
hybrid populations within primary human tumors remain poorly defined. Moreover, macrophage
functional classification has evolved beyond the traditional M1-M2 paradigm [10], yet a detailed analysis of
THCs within this expanded framework remains lacking.

Previous studies have confirmed the existence of THCs expressing both leukocyte [e.g., cluster of
differentiation 45 (CD45)] and epithelial [e.g., epithelial cell adhesion molecule (EpCAM), cytokeratins]
markers [11, 12] and have demonstrated their pronounced clinical significance in tumor progression across
several tumor types. According to Akhter et al. [11], the EpCAM*CD45* population is highly invasive, shows
a mesenchymal gene expression pattern, and contains CD133" and CD117*CD44" stem cell subpopulations.
Authors reveal that these cells evade natural killer (NK) cell-mediated immune surveillance through
overexpression of major histocompatibility complex class I antigens. However, the prevailing data have
been obtained from circulation or ascitic fluid, leaving the site of hybrid cell origin unclear. Thus, a
comprehensive characterization of hybrid cells phenotypic variants in primary tumor, especially in the
context of their association with specific immune cell lineages and their clinical implications, is still lacking.
The heterogeneity of THCs, their relationship with macrophage polarization markers (such as CD68, CD163,
CD206), and their potential correlation with aggressive clinicopathological features, molecular subtypes,
and patient prognosis warrant further investigation.

The use of multicolor flow cytometry enables detailed analysis of the phenotypic heterogeneity of
hybrid cells within tumor tissue, allowing comprehensive assessment of diverse expression patterns of
epithelial and immune markers [13]. In this study, we aimed to characterize the phenotypic heterogeneity
of THCs co-expressing the pan-leukocyte marker CD45 and epithelial markers EpCAM and/or pan-
cytokeratin in primary breast tumors. Our objectives were to define distinct hybrid subpopulations, assess
their expression of macrophage/monocyte lineage markers, and evaluate their associations with key
clinicopathological features, molecular subtypes, and disease prognosis. By identifying specific hybrid

Explor Target Antitumor Ther. 2026;7:1002411 | https://doi.org/10.37349/etat.2026.1002411 Page 2



phenotypes linked to tumor aggressiveness and distant metastasis, this work seeks to advance
understanding of the role of cell fusion in BC progression and to uncover potential novel prognostic
markers.

Materials and methods
Patients

The prospective observational study enrolled 42 patients diagnosed with BC ranging from stage T1-4NO-
3MO0, who were admitted for treatment at the Cancer Research Institute, Tomsk NRMC (Table 1). The study
received approval from the local ethics committee of the Tomsk NRMC Institutional Review Board on
August 25, 2020, with approval No. 7, and was conducted in accordance with the Declaration of Helsinki
(1964, with amendments from 1975 and 1983). All patients granted informed consent before participating
in the analysis. Patients were treated according to ESMO Clinical Practice Guidelines [14]. The follow-up
period was 3 years.

Table 1. Clinicopathological characteristics of breast cancer patients.

Parameter Frequency, % (n)
Age <35 2.38% (1/42)
35-50 33.33% (14/42)
> 50 64.29% (27/42)
Tumor size T1 54.76% (23/42)
T2 40.48% (17/42)
T3 0.00% (0/42)
T4 4.76% (2/42)
Tumor grade I 26.19% (11/42)
I 66.67% (28/42)
i 7.14% (3/42)
Molecular subtype Luminal A 66.67% (28/42)

Lymphovascular invasion

Distant metastasis

Lymph node metastasis

Luminal B (HER2")
Luminal B (HER2")
Triple-negative
HER2*

Yes

No

Yes

No

Yes

No

16.67% (7/42)
7.14% (3/42)
4.76% (2/42)
4.76% (2/42)
23.81% (10/42)
76.19% (32/42)
9.52% (4/42)
90.48% (38/42)
30.95% (13/42)
69.05% (29/42)

Flow cytometry

Fresh frozen cancer tissue samples were mechanically disaggregated using the BD Medimachine System
(BD Biosciences, USA) for cell suspensions. Initially, 500 pL of the OptiLyse C buffer (Beckman Coulter;
France) was added to the samples for erythrocyte lysis, then the samples were washed in 2 mL of the
Cell WASH solution (BD Biosciences; USA) for 10 min at 300 g, with subsequent removal of supernatant. The
staining procedure consisted of 2 steps: surface and intracellular staining preceded by cell
permeabilization. In the first step, 5 pL of the BV570 anti-human CD45 (clone HI30, Sony Biotechnology,
USA), BV605 anti-human CD326 (EpCAM) (clone 9C4, Sony Biotechnology, USA), APC-Cy7 anti-human
CD68 (clone Y1/82A, Sony Biotechnology, USA), BV510 anti-human CD16 (clone B73.1, Biolegend, USA),
BV785 anti-human CD206 (clone 5-2, Sony Biotechnology, USA), PE-Cy7 anti-human CD163 (clone GHI/63,
Sony Biotechnology, USA), PE-VISTA (clone A172071, Biolegend, USA), Trem1-APC (clone TR3MBL1,
Thermo Fischer Scientific, USA), IL10-efluor 450 (clone JES3-9D7, Thermo Fischer Scientific, USA), IL12-
PerCP-efluor710 (clone MQ1-17H12, eBioscience, USA) monoclonal antibodies were added to the primary

Explor Target Antitumor Ther. 2026;7:1002411 | https://doi.org/10.37349/etat.2026.1002411 Page 3



tumor cell suspension and incubated in the dark at room temperature for 20 min. During the intracellular
staining step, each stained sample was supplemented with 250 pL of the BD Cytofix/Cytoperm solution (BD
Biosciences; USA), incubated in the dark for 30 min at 4°C, and then twice washed in 1 mL of the BD
Perm/Wash buffer (BD Biosciences; USA) when centrifuged at 300 g for 6 min. A total of 50 pL of the Cell
Staining Buffer (Sony Biotechnology; USA) was added to the samples; the stained samples were
supplemented with 5 pL of the AF488-anti-human pan-cytokeratin antibody (clone AE1/AE3; Thermo
Fischer Scientific, USA) and incubated at 4°C for 20 min. After that, each sample was washed in 1 mL of the
CellWASH buffer (BD Biosciences; USA) by centrifugation at 300 g for 6 min. In the final phase, 100 pL of
the Cell Staining Buffer (Sony Biotechnology; USA) was added to precipitate, and the sample was
resuspended.

Both unstained control and antibody quality control assessments were performed. The appropriate
isotype antibodies were added to the isotype control sample at equivalent concentrations. Compensation
beads (VersaComp Antibody Capture Bead kit, Beckman Coulter, Indianapolis, IL, USA) were utilized for
compensation control. Flow cytometry analysis was conducted using the Novocyte 3000 (ACEA Biosciences,
San Diego, CA, USA). The gating strategy was as follows: debris, dead cells, and doublets were initially
discriminated using forward (FSC) and side scatter (SSC) parameters, and subsequent analysis was
performed on CD45™ cells (tumor cells) and CD45* cells (THCs). The expression of epithelial markers
(EpCAM and pan-cytokeratin) and macrophage/monocyte markers (CD68, CD16, CD163 and CD206) was
evaluated (Figure S1). The BC cell line MCF-7 served as a positive control for epithelial markers (EpCAM
and pan-cytokeratin) staining and as a negative control for CD45 staining, whereas U937 cells were used as
a positive control for CD45 staining and as a negative control for EpCAM and pan-cytokeratin staining.

Statistical analysis

The data distribution was evaluated and found to be non-normal. Therefore, non-parametric statistical
methods were employed for the analysis. The data were analyzed using GraphPad Prism 9 (GraphPad
Software, San Diego, CA, USA). The Mann-Whitney test was used for comparisons between two independent
groups, and the Kruskal-Wallis test was applied for comparisons involving three or more independent
groups. For dependent variables, the Wilcoxon test and Dunn’s multiple comparisons test were used.
Receiver operating characteristic (ROC) curve analysis was performed to determine the optimal cutoff and
evaluate the prognostic value of the studied parameters. A p-value of less than 0.05 was considered
statistically significant.

Results
Characterization of THCs in the primary tumor of patients with BC

THCs in primary breast tumors were identified as cells expressing the pan-leukocyte marker CD45 and at
least one of the epithelial markers studied (EpCAM and/or pan-cytokeratin). Given that THCs are tumor cell
derivatives, we estimated the proportion of hybrids within the total tumor cell pool. The median proportion
of THCs among tumor cells was 9.9% (2.5-23.15%). However, in both cases, the absolute number of THCs
exceeded the number of conventional tumor cells by 2.6- and 1.5-fold, respectively.

The frequency of CD45"EpCAM*panCK-, CD45*EpCAM*panCK*, and CD45"EpCAM panCK"* cells was
95.24% (40/42), 88.10% (37/42), and 69.05% (29/42), respectively. Moreover, CD45"EpCAM panCK" cells
were significantly less common compared to CD45"EpCAM*panCK™ cells (p = 0.0033) and showed a trend
toward being less frequent than CD45*EpCAM* panCK" cells (p = 0.06). Evaluation of the subpopulation
composition showed that the proportion of THCs with mono-expression of the epithelial marker pan-
cytokeratin was the lowest (p = 0.0042 and p < 0.0001) (Figure 1).

It is noteworthy that the least rare EpCAM panCK"* cells among hybrids were predominant among
tumor cells, identified as the CD45" subpopulation expressing EpCAM and/or pan-cytokeratin (Figure 2).
The median proportions of EpCAM panCK*, EpCAM*panCK~, and EpCAM panCK" cells were 66.30%
(45.29-95.38%), 16.67% (1.47-29.13%), and 5.21% (0.86-11.78%), respectively. The frequencies of these
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Figure 1. The proportion of tumor-immune hybrid cell subpopulations in primary tumor of breast cancer, n = 42.
populations did not differ significantly and were 100% (43/43), 90.70% (39/43), and 90.70% (39/43),
respectively. This suggests that the CD45"EpCAM panCK" cells have a low potential for hybridization with

CD45" cells. In other words, the absence of EpCAM expression likely limits the ability of tumor cells to fuse
with leukocyte-origin cells within the primary tumor.
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Figure 2. The proportion of tumor cell subpopulations in the primary tumor of breast cancer, n = 42.

Taking into account that macrophages constitute a significant part of the TME [15, 16], we assessed the
expression of macrophage/monocyte markers CD68 and CD16, as well as functional polarization markers
CD163 and CD206, in individual subpopulations of hybrid cells (Figures 3, 4 and 5). Among the
CD45"EpCAM*panCK™ hybrid cells, four subpopulations showed the highest proportions, including cells
lacking expression of the studied markers (CD68°CD163°CD16°CD2067) and three subpopulations
characterized by expression of the M2 macrophage marker CD206. In two of these subpopulations, co-
expression of the M1 polarization marker CD163 was also observed (CD68*CD163"CD16°CD206" and
CD68°CD163"CD16°CD206") (Figure3). The median proportions of CD68CD163°CD16°CD206",
CD687CD163*CD167CD206* CD68CD163*CD16°CD206%, and CD68°CD163°CD16°CD206" cells were 8.40%
(0.00-24.35%), 24.35% (1.50-36.70%), 21.00% (11.08-42.90%), and 8.55% (0.45-25.00%), respectively.

Among the CD45"EpCAM*panCK" hybrid cells, the predominant population lacked expression of the
studied markers (CD68CD163°CD16°CD2067), with a median proportion of 45.00% (18.95-79.40%)
(Figure 4). A notable proportion consisted of cells co-expressing CD163 and CD206
(CD68°CD163°CD16°CD206"), with a median of 6.70% (0.00-31.50%), as well as the
CD68*CD163*CD16°CD206" cells, with a median of 0.75% (0.00-14.15%).
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Figure 3. Flow cytometry analysis of tumor tissue from a patient with breast cancer. (A) The expression of
macrophage/monocyte markers CD68, CD163, CD16 and CD206 in CD45*EpCAM*panCK™ tumor-immune hybrid cells, n = 42.
(B) Analysis of flow cytometry data using the CD45*EpCAM*panCK- cell population as a representative example. panCK: pan-
cytokeratin.
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Figure 4. The expression of macrophage/monocyte markers CD68, CD163, CD16 and CD206 in CD45'EpCAM panCK"*
tumor-immune hybrid cells, n = 42.

The CD45*EpCAM panCK* hybrid cell population was predominantly composed of cells lacking
expression of the studied macrophage/monocyte markers (CD68°CD163°CD16°CD2067), and the median
proportion was 50.0% (3.58-100.0%) (Figure 5).

Thus, cells with monoexpression of pan-cytokeratin (CD45"EpCAM panCK"), which represent the
smallest fraction of the hybrid cell population, are characterized by the highest proportion of cells lacking
expression of the macrophage/monocyte markers CD68, CD163, CD16, and CD206 (Figure 6). In contrast,
cells comprising the major clusters of hybrid cells (CD45"EpCAM*panCK™ and CD45"EpCAM*panCK") are
predominantly characterized by expression of CD163 and CD206, regardless of CD68 expression.
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Figure 5. The expression of macrophage/monocyte markers CD68, CD163, CD16 and CD206 in CD45"EpCAM panCK"
tumor-immune hybrid cells, n = 42.
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Figure 6. Comparison of macrophage/monocyte marker-expressing subpopulations among CD45'EpCAM’panCK",
CD45'EpCAM*panCK’, and CD45'EpCAM panCK" tumor-immune hybrid cells, n = 42.
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Association of THCs in the primary tumor with clinicopathological characteristics of BC

A study was conducted to investigate the relationship between the subpopulation composition of hybrid
cells and clinicopathological parameters in BC patients. Assessment of the proportions of hybrid cells with
various expression patterns of macrophage/monocyte markers CD68, CD163, CD16, and CD206 in patients
stratified by the T parameter revealed some associations (Figure 7).
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Figure 7. Expression patterns of macrophage/monocyte markers CD68, CD163, CD16, and CD206 in patients stratified
by the T parameter, n = 42.

Patients with T2 tumor size exhibited an increased proportion of marker-expressing cells within the
CD45'EpCAM panCK*, CD45*EpCAM*panCK*, and CD45'EpCAM*panCK™ subpopulations (Figure 7).
Specifically, in the CD45"EpCAM panCK" hybrid subpopulation, an increase was observed in the proportion
of CD68°CD163"CD16°CD206" cells; the median proportions in patients with T1 and T2 tumors were 0.00%
(0.00-0.00%) and 0.00% (0.00-39.58%), respectively (p = 0.0219). Among the CD45"EpCAM"panCK" and
CD45'EpCAM*panCK™ hybrid cell subpopulations, an increase in the proportions of
CD68°CD163°CD16°CD206™ and CD68'CD163"CD16*CD206" cells, respectively, was also observed. The
median proportion of CD68°CD163°CD16°CD206" cells in patients with T1 and T2 tumors was 0.00%
(0.00-6.20%) and 6.50% (0.00-44.30%), respectively (p = 0.0344). The median proportion of
CD687CD163*CD16"CD206" cells in patients with T1 and T2 tumors was 0.00% (0.00-6.20%) and 0.00%
(0.00-6.80%), respectively (p = 0.0246).

An assessment of the relationship between various hybrid cell subpopulations and lymph node
involvement showed that patients with N1-3 stage disease exhibited a higher proportion of CD16-positive
CD45*EpCAM*panCK" cells (CD68"CD163°CD16"CD2067) compared to NO patients (p = 0.0323) (Figure 8).

The most represented patient groups were those with the luminal A and luminal B (HER27) molecular
subtypes. Patients with HER2" [including luminal B (HER2")] subtypes accounted for only 3 and 2 cases,
respectively, and were therefore excluded from the analysis due to small sample sizes (Figure 9). It was
observed that patients with the luminal B (HER2") subtype had a higher proportion of CD163-positive
hybrid cells.

The median proportion of CD68CD163*CD16 CD206 CD45'EpCAM*panCK* cells was 0.00%
(0.00-0.00) in patients with the luminal A subtype, whereas it increased to 0.80% (0.00-15.40%) in
patients with the luminal B (HER27) subtype (p= 0.0495). CD68'CD163"CD16CD206"
CD45"EpCAM*panCK" cells have median proportions of 0.00% (0.00-5.83%) in luminal A and 15.80%
(1.50-36.40%) in luminal B (HER2") patients, respectively (p = 0.0212).

Within the CD45"EpCAM*panCK™ hybrid cells, a subpopulation with a significantly higher proportion in
luminal B (HER2") patients was also identified (p = 0.0481) (Figure 9). The median proportion of
CD68°CD163"CD16°CD206" cells among this group was 16.70% (0.00-33.30%) in luminal A and 40.00%
(0.00-66.70%) in luminal B (HER27), respectively.
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Figure 9. Expression patterns of macrophage/monocyte markers CD68, CD163, CD16, and CD206 in patients stratified
by the molecular subtype, n = 42.

Comparison of the proportions of different hybrid cell subpopulations in relation to tumor invasion
and tumor grade revealed no significant differences between patient groups (p > 0.05); data were not
shown.

Hybrid cells as potential prognostic markers of tumor progression during patient follow-up

During the 3-year follow-up period, distant organ metastases developed in 4 of 42 patients, including 2
cases of bone metastases and one case each of lung and ovarian metastases. Comparison of the hybrid cell
subpopulation composition between patients with and without distant metastases during follow-up
revealed significant differences across the three studied subpopulations (Figure 10). All identified
subpopulations exhibited increased proportions of cells in patients who experienced progression during
the follow-up period; significance levels are detailed in Figure 10A-C (medians and interquartile ranges are
provided).

To evaluate the prognostic significance for all detected populations, ROC analysis was performed. Only
two of the six populations (CD68*CD163*CD16CD206 CD45"EpCAM panCK* and CD68"CD163°CD16~
CD206*CD45*EpCAM*panCK"* hybrid cells) were predicted outcome (Figure 11A).

The proportion of CD45*EpCAM panCK*CD68*CD163*CD16CD206™ cells exceeding 0.65% predicted
distant metastases within a 3-year follow-up period, with 97.30% specificity and 75.00% sensitivity [area
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Figure 10. Comparison of tumor-immune hybrid cell subpopulation composition in breast cancer patients with (“mts”,
n = 4) and without distant metastasis (“no mts”, n = 38) during the follow-up period.

under the curve (AUC) = 0.8514, p = 0.0223], yielding a diagnostic accuracy of 95.65%. The median survival
time for patients with the proportion of the indicated cells above the established cut-off was 22.5 months,
whereas the median survival time for the group with proportions below the cut-off was 7.5 months.

Similarly, the proportion of CD45"EpCAM*panCK*CD68CD163°CD16°CD206" THCs above 0.40%
predicted distant metastasis during follow-up with 84.21% specificity and 100.00% sensitivity (AUC =
0.9276, p = 0.0054), and a diagnostic accuracy of 85.71%. The median survival time for patients with the
proportion of the indicated cells above the established cut-off was 19.0 months, whereas the median
survival time for the group with proportions below the cut-off was 5.5 months.

Patients exhibiting proportions of CD68*CD163*CD16 CD206™ and CD68"CD163°CD16°CD206" cells
above these thresholds demonstrated significantly lower distant metastasis free survival (DMFS) compared
to those below the thresholds (p = 0.012 and p = 0.0223, respectively) (Figure 11B) (Table 2).

Table 2. Tumor-immune hybrid cell phenotypes with potential prognostic significance.

THC phenotypes Cut-off value AUC Sensitivity Specificity P-value
CD45"EpCAM panCK*'CD68"'CD163"CD16 CD206" 0.65% 0.8514 75.00% 97.30% 0.0223
CD45"EpCAM*panCK*CD68"CD163°CD16 CD206" 0.40% 0.9276 100.00% 84.21% 0.0054
Discussion

In this study, we analyzed phenotypic variants of THCs co-expressing pan-leukocyte marker CD45 and
epithelial markers EpCAM and/or pan-cytokeratin in primary breast tumors. The data demonstrate that the
hybrid cell population is heterogeneous and contains phenotypic variants associated with
clinicopathological features and disease prognosis.
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Figure 11. ROC analysis of CD68'CD163°CD16CD206~ (among CD45’EpCAM panCK") and CD68"CD163 CD16 CD206"
(among CD45'"EpCAM*panCK"®) hybrid cells (A) and distant metastasis-free survival in breast cancer patients stratified
by cell proportions (B).

In primary breast tumors, THCs expressing EpCAM (CD45*EpCAM"panCK™ and CD45+EpCAM*panCK")
were most frequently detected, whereas cells expressing only pan-cytokeratin (CD45"EpCAM panCK")
were found significantly less often and in smaller quantities. Our previous study also noted the lowest
proportion of hybrid cells with monoexpression of cytokeratins in an independent BC patient cohort [17].
Notably, in the current study, the EpCAM panCK" epithelial phenotype predominated within the total tumor
cell population. EpCAM serves as an adhesion molecule involved in proliferation and migration, and it likely
plays a key role in cell fusion with leukocyte-origin cells [18]. The presence of EpCAM likely facilitates cell-
cell interactions essential for hybrid formation, whereas its absence, despite its prevalence in the tumor, is
associated with a diminished capacity of tumor cells to fuse with CD45" cells.

Detailed analysis of macrophage/monocyte marker expression (CD68, CD163, CD16, CD206) revealed
significant differences between THCs subpopulations. EpCAM* THCs (CD45*EpCAM*panCK™ and
CD45"EpCAM*panCK*) exhibited a significant proportion of subpopulations expressing M2 polarization
markers (CD163 and CD206), suggesting their potential immunosuppressive and pro-tumor role [19].
Experimental evidence supports a higher capacity of M2-polarized monocytes versus M1 to fuse with tumor
cell lines, forming invasive tumor-hybrid cells [9]. The predominance of M2-like (CD163", CD206") hybrid
subpopulations among EpCAM* tumor cells aligns with the established role of TAMs in promoting
immunosuppression, angiogenesis, and metastasis [20]. Conversely, the least represented
CD45"EpCAM panCK' subpopulation predominantly lacked expression of these macrophage/monocyte
markers, indicating that these hybrids may arise preferentially from fusion with CD45" cells of non-
macrophage/monocyte origin to a greater extent than the other hybrid subpopulations. In any case,
hybridization of tumor cells with immune-origin cells (whether macrophages or others) may enable the
hybrids to acquire advantageous traits from both cell types. Specifically, they may combine the invasive and
mutational characteristics of cancer cells with the mobility and immune evasion capabilities of immune
cells. This combination potentially drives metastasis, treatment resistance, and immune evasion [9].
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The identified associations between THC phenotypes and clinicopathological features underscore their
potential clinical significance. An increased proportion of THCs expressing macrophage markers CD163
and/or CD16 in larger tumors (stage T2) and in cases with lymph node metastases (N1-3) suggests that
hybridization between tumor cells and macrophage/monocyte-lineage cells is linked to disease
aggressiveness. Notably, subpopulations detected in patients at stage T2 exhibited both presence and
absence of the macrophage marker CD68. This phenomenon may reflect early macrophage differentiation
from circulating monocytes, during which CD68 may be insufficiently expressed for detection [21].
Furthermore, the observed increase in CD16" THCs lacking CD68, CD163, and CD206 in patients
predominantly with N1-3 lymph node involvement may suggest possible hybrid formation with NK cells,
which express CD16 but lack indicated macrophage polarization markers. This aspect constitutes a
limitation of the study; to clarify the nature of this hybrid cell subpopulation, assessment of CD56
expression is warranted, as CD56 can discriminate NK cells from macrophages.

Of particular interest are the detected differences in the composition of the THC population associated
with BC molecular subtypes. In patients with the luminal B (HER2") subtype—which is known to have a
more aggressive clinical course compared to luminal A [22]—a significant increase in the proportion of
hybrids expressing M2 macrophage markers CD163 and CD206 was observed. M2 macrophages, unlike M1,
have been shown to promote tumor cell proliferation both in vitro and in vivo [23, 24]. Given that luminal A
and luminal B (HER27) differ primarily in the Ki-67 proliferation index, it is plausible to speculate that
hybrid cells with an M2-like phenotype contribute to the mechanisms underlying the more unfavorable
clinical outcome of the luminal B (HER27) subtype.

The most promising finding of this study, which warrants validation in a larger cohort, is the
identification of THC populations associated with distant metastasis during a 3-year follow-up. High
prognostic accuracy was observed for the CD68'CD163*CD16°CD206™ phenotype within the
CD45"EpCAM panCK* subpopulation, and the CD68CD163°CD16°CD206" phenotype within the
CD45"EpCAM*panCK" subpopulation, suggesting these phenotypes could serve as potential predictors of BC
progression. Importantly, the most prevalent CD45"EpCAM*panCK™ hybrid tumor cell subset did not
correlate with clinical prognosis. Notably, the minor CD45*EpCAM panCK" fraction expressing both CD68
and CD163 exhibited the highest diagnostic accuracy (95.65%). Although these cells were present at very
low levels (cutoff 0.65%), their presence was significantly associated with worse distant metastasis-free
survival (p = 0.012). In the context of the M1/M2 paradigm, which represents the extremes of a functional
continuum rather than rigid cell types, we can suppose that the existence of such unconventional cell
phenotypes (the expression of CD163 in the absence of CD206 expression) may be explained by the high
plasticity of macrophages in the expression of polarization markers [25]. This is confirmed by observations
of other authors. Fang et al. [26] showed that TAMs in BC, characterized by isolated expression of CD163
and CD206, localize to different tumor regions. CD163* TAMs are found in both stromal and tumor
compartments and tend to infiltrate the tumor nest, whereas CD206" TAMs are predominantly located in
the stroma [26]. The absence of CD206" TAMs within the tumor body in BC has also been previously
reported [27]. Furthermore, similar spatial distribution of these two TAM subsets has been demonstrated
in gastric cancers [28]. These observations suggest that CD163 and CD206 identify distinct TAM subsets.
Thus, biologically, the subpopulation identified in our study may exhibit an M2-like macrophage phenotype
characterized by the expression of CD68 and CD163 and potentially originate from the tumor nest.

However, our study has several important limitations to consider when interpreting the results. The
relatively small sample size (42 patients) and the limited number of progression cases (4 patients)
necessitate validation of these findings in larger, independent cohorts and can be clarified through further
longitudinal observation. Thus, the data obtained are preliminary and require an increased sample size and
longer follow-up period. Additionally, although flow cytometry offers higher throughput and sensitivity,
particularly for detecting rare cell populations, complementary immunohistochemistry analyses of hybrid
cells would have provided valuable spatial and morphological context to enhance the data interpretation.
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Conclusion

The data obtained indicate that THCs within the primary breast tumor constitute a heterogeneous
population. Expression of EpCAM appears to be associated with more efficient hybrid formation with CD45*
cells in the TME. Hybrid cells exhibiting an M2-like phenotype, characterized by expression of CD163 and
CD206, are correlated with more advanced T and N stages.

Moreover, hybrid cells with the phenotypes CD68*CD163*CD16°CD206~ (within the
CD45*EpCAM panCK* subpopulation) and CD68"CD163°CD16°CD206" (within the CD45*EpCAM*panCK*
subpopulation), after appropriate validation, may serve as potential prognostic markers for distant
metastasis development and reduced distant metastasis-free survival. These phenotypes hold potential as
therapeutic targets and as biomarkers for stratifying patients at high risk of disease progression.
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