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Objective: Triple negative breast cancer (TNBC) is an aggressive subtype of
breast cancer, characterized by extensive intratumoral heterogeneity. We aimed to
systematically characterize the tumor heterogeneity of TNBC.

Methods: Single-cell RNA sequencing (scRNA-seq) of TNBC cells were obtained from
the GSE118389 and GSE75688 datasets. After integration of the two datasets, cell
clustering analysis was performed using the Seurat package. According to the marker
genes of cell cycle, cell cycle of each cell cluster was determined. Then, function
enrichment analysis of marker genes in each cell cluster was performed, followed
by ligand-receptor signaling network analysis. CIBERSORT was used to estimate the
proportion of 22 immune cells in each sample based on RNA-seq data of 58 normal
adjacent tissues and 101 TNBC tissues. After that, prognostic value of immune cells
was assessed.

Results: In the integrated datasets, five cells types including B cells, myeloid cells,
stromal cells, T cells, and tumor cells were clustered. Functional enrichment analysis
revealed the functional heterogeneity of genes in each cell. Intercellular communication
networks were conducted based on ligand-receptor pairs. The heterogeneity in the
fractions of 22 immune cells was found in TNBC tissues. Furthermore, there was a
significant difference in the fractions of these immune cells between adjacent normal
tissues and TNBC tissues. Among them, M2 macrophages and neutrophils were
significantly associated with clinical outcomes of TNBC. Moreover, the fractions of T
cells CD4 memory resting, monocytes, neutrophils, M1 macrophages, and T cells CD4
memory activated were significantly correlated with clinical characteristics of TNBC. As
shown in PCA results, these immune cells could significantly distinguish TNBC tissues
into adjacent normal tissues.

Conclusion: Our findings characterized the tumor heterogeneity of TNBC, which
deepened the understanding of the complex interactions between tumor cells and their
microenvironment, especially immune cells.

Front. Oncol. 11:557477. Keywords: triple negative breast cancer, single-cell RNA-seq, immune cells, heterogeneity,
doi: 10.3389/fonc.2021.5657477 tumor microenvironment
Frontiers in Oncology | www.frontiersin.org 1 March 2021 | Volume 11 | Article 557477


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2021.557477
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2021.557477&domain=pdf&date_stamp=2021-03-29
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:shengjiayu163126@163.com
https://doi.org/10.3389/fonc.2021.557477
https://www.frontiersin.org/articles/10.3389/fonc.2021.557477/full

























Jiang et al. TNBC Cells and Microenvironment

FIGURE 7 | Correlation between tumor-infiltrating immune cells and TNBC patients’ prognosis. (A) Histogram showing the fractions of 22 tumor-infiltrating immune
cells in 58 normal adjacent tissues and 101 TNBC tissues. Different colors in the column represent different immune cells. The height of the column indicates the
(Continued)
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FIGURE 7 | fractions of each immune cell. The higher the height, the higher the proportion of the immune cells in the tissue. (B) Heatmap showing the fractions of
different immune cells in TNBC tissues and adjacent normal tissues. Green indicates a low percentage and red indicates a high percentage. (C) Heatmap depicting
the correlation between different immune cells. Red represents positive correlation and blue represents negative correlation. The darker the color, the stronger the
correlation. (D) Violin plots showing the difference in fractions of these immune cells between TNBC tissues and adjacent normal tissues. Red suggests TNBC tissues
and blue suggests adjacent normal tissues. Overall survival for TNBC patients between high and low fractions of M2 macrophages (E) and neutrophils (F). The
differences in fractions of T cells CD4 memory resting (G), monocytes (H), neutrophils (I), macrophages M1 (J) and T cells CD4 memory activated (K) in all TNBC
patients. (L) The PCA results of immune cells. Red dot represents normal samples and blue represents TNBC samples. (M) Heatmap depicting the fractions of
immune cells in the two clusters, TNM, stage, age, and Fustat. (N) Histogram showing the fractions of 22 tumor-infiltrating immune cells in cluster1 and cluster2.
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FIGURE 8 | Validation of the expression of marker genes between TNBC and normal tissues from TCGA database. (A) B2M (p = 0.15); (B) TCCL5 (p < 2.22e-16);
(C) CD3D (p < 2.22e— 16); (D) CD3G (p < 2.22e-16); (E) CXCL10 (o < 2.22e-16); (F) FN1 (p < 2.22e-16); (G) HLA-A (o = 5.8e-15); (H) PLAUR (p < 2.22e-16); and
(1) SDC4 (p = 5.3e-07).

Frontiers in Oncology | www.frontiersin.org 11 March 2021 | Volume 11 | Article 557477


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Jiang et al.

TNBC Cells and Microenvironment

there were significant differences in the fractions of different
immune cells between clusterl and cluster2 (Figure 7N).

Validation of Marker Genes in TNBC From
TCGA Database

The expression of marker genes was validated between TNBC
and normal tissues from TCGA database. In Figure 8A, there was
no statistical significance in B2M expression between TNBC and
normal tissues (p = 0.15). The expression of TCCL5 (p < 2.22e-
16; Figure 8B), CD3D (p < 2.22e-16; Figure 8C), CD3G (p <
2.22e-16; Figure 8D), CXCL10 (p < 2.22e-16; Figure 8E), FN1
(p < 2.22e-16; Figure 8F), HLA-A (p = 5.8e-15; Figure 8G),
PLAUR (p < 2.22¢-16; Figure 8H) and SDC4 (p = 5.3e-07;
Figure 8I) were distinctly highly expressed in TNBC tissues in
comparison to normal tissues.

DISCUSSION

Most TNBCs possess shared histological and molecular
characteristics. Nevertheless, TNBC is characterized by
inter-tumor and intra-tumor heterogeneity (15). Multiple
evidences suggest that the intratumoral diversity of
TNBC is not only involved in the pathogenesis, but also
affects chemotherapy resistance, metastasis, and poor
clinical outcomes (4, 16, 17). Due to the heterogeneity
of TNBC at the molecular level, identification of
effective prognostic markers and therapeutic target is
challenging. In this study, to explore the intercellular
heterogeneity in TNBC, we analyzed single-cell RNA-
seq data of TNBC cells by integrating the GSE75688 and
GSE118389 datasets.

Our single-cell RNA-seq analysis results showed that TNBC
was composed of different proportions of tumor cells, stromal
cells, and immune cells (B cells and T cells), which was
consistent with previous studies (18). Single-cell RNA-seq
provides support for characterizing the different functional
states of a single cell. It has been accepted that scRNA-seq
could be used to detect and quantify transcriptional changes
at a single cell level (19). Cell cycle is a main driving
force of transcriptional heterogeneity and cell-fate decisions.
G1 phase is a sensitive period of cell fate. In addition,
the cell cycle is known to be involved in various biological
processes, such as cell differentiation (20) and tumorigenesis
(21, 22). Therefore, we accurately identified the cell cycle
phases of each cell. Different cell clusters exhibit different
cell cycles, revealing that TNBC was indeed heterogeneous,
and the different cell clusters participated disproportionately in
the tumor.

It has been confirmed that cell differentiation and cell-
fate decision may be controlled via communicating with
neighboring cells (14). In cancers including TNBC, intercellular
communication mediates the activities of different cell
types are involved in complex biological processes, such
as invasion, cell cycle, and immune response (18, 23, 24).
It has been widely accepted that most cells can express
a variety of ligands and receptors to conduct a highly

connected ligand-receptor signaling pathway network. In
this study, we constructed ligand-receptor signaling networks
for TNBC based on marker genes of five types of cells. In
this study, we compiled ligand-receptor relationship pairs
based on literature support and constructed an intercellular
communication network, which revealed extensive and
interlineage signals.

It is recognized that changes in the composition of cells are
the basis for the various physiological states of complex tumor
tissues. Especially in malignant tumors, the level of invasive
immune cells is closely related to tumor progression and clinical
outcome (8). Thus, in this study, we used CIBERSORT to
accurately assess the relative scores of different immune cell types
in TNBC tissues. Compared to current methods for studying
cell heterogeneity (such as immunohistochemistry and flow
cytometry), CIBERSORT is free of limited phenotypic markers
or cell loss or damage due to tissue breakdown. The heterogeneity
in the fractions of 22 immune cells was found in TNBC tissues.
As expected, there was a significant difference in the fractions of
these immune cells between adjacent normal tissues and TNBC
tissues. The intratumoral heterogeneity may affect prognosis of
TNBC. Therefore, we analyzed the prognostic value of these
immune cells. We found that M2 macrophages and neutrophils
were significantly associated with clinical outcomes of TNBC.
As previous studies, M2 macrophages could regulate PD-1/PD-
L1 expression in the tumor microenvironment, thereby affecting
the effect of targeted treatment (25). A retrospective study found
that an increase in the ratio of neutrophils to lymphocytes was
associated with a poor prognosis in TNBC patients undergoing
chemotherapy (26). Furthermore, the fractions of T cells (27),
monocytes (28), neutrophils (29), and M1 macrophages (30)
were significantly correlated with clinical characteristics of
TNBC. More importantly, our PCA results showed that these
immune cells could significantly distinguish TNBC tissues
into adjacent normal tissues. These findings revealed the
prognostic value of the tumor immune microenvironment
for TNBC.

In this study, we systematically characterized the tumor
heterogeneity of TNBC based on single-cell RNA-seq and
transcriptome RNA-seq. Despite the limitations of retrospective
studies, our study gained a deeper understanding of the complex
interactions between tumor cells and their microenvironment
(especially immune cells).

CONCLUSION

In this study, we unraveled the heterogeneity of tumor
cells and their microenvironment. Furthermore, clinical
implications of tumor microenvironment components were
characterized for TNBC. Our study may provide an evidence for
TNBC immunotherapy.
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