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Although the tumor microenvironment (TME) plays an important role in the development of
many cancers, its roles in breast cancer, especially triple-negative breast cancer (TNBC),
are not well studied. This study aimed to identify genes related to the TME and prognosis
of TNBC. Firstly, we identified differentially expressed genes (DEG) in the TME of TNBC,
using Expression data (ESTIMATE) datasets obtained from the Cancer Genome Atlas
(TCGA) and Estimation of Stromal and Immune cells in Malignant Tumor tissues. Next,
survival analysis was performed to analyze the relationship between TME and prognosis of
TNBC, as well as determine DEGs. Genes showing significant differences were scored as
alternative genes. A protein-protein interaction (PPI) network was constructed and
functional enrichment analysis conducted using the DEG. Proteins with a degree
greater than 5 and 10 in the PPI network correspond with hub genes and key genes,
respectively. Finally, CCR2 and CCR5 were identified as key genes in TME and prognosis
of TNBC. Finally, these results were verified using Gene Expression Omnibus (GEO)
datasets and immunohistochemistry of TNBC patients. In conclusion, CCR2 and CCR5
are key genes in the TME and prognosis of TNBC with the potential of prognostic
biomarkers in TNBC.

Keywords: TNBC, TCGA, GEO, estimate, tumor microenvironment
INTRODUCTION

Breast cancer is the second leading cause of cancer related deaths among women worldwide, with a
prevalence of 11.7% and a mortality rate of 6.9% (1). The burden of breast cancer has grown in both
developed and developing countries over time (2). In 2017 alone, it was estimated that 30% of all
new cancer cases (252,710), among women in America, were breast cancer (3). Based on the
characteristics of molecular markers, breast cancer is divided into 3 major subtypes, namely
estrogen receptor positive and progesterone receptor positive (luminal A, luminal B), HER2
overexpression (HER2+) and triple negative breast cancer (TNBC). Triple negative breast cancer
(TNBC) is the subtype of breast cancer that tests negative for estrogen receptors (ER), progesterone
receptors (PR), and excess HER2. Worldwide, TNBC accounts for about 15% of the total breast
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cancer cases (4), and 83% of disproportionate deaths compared
to other breast cancer subtypes (5). The growth of TNBC is not
triggered by the HER2 protein or the hormones estrogen and
progesterone. Therefore, the cancer does not respond to targeted
therapy with HER-2 receptor, monoclonal antibody and
endocrine therapy. Although various treatments and medicines
used to manage TNBC are constantly developing, more than 70%
of patients have recurrence and relapse within 3 years after
surgical resection with poor prognosis (6). Also, standardized
TNBC treatment regimens are still lacking (7). Researchers are
trying to find out whether certain medications can interfere with
the processes that cause TNBC to grow (8). Therapeutic
approaches that target the TME have been suggested as
promising strategies in cancer treatment.

The tumor microenvironment (TME) is the cellular and
immune environment surrounding the primary tumor. There
are many kinds of cells and molecules in TME, including
immune cells, extracellular matrix proteins, blood vessels and
cytokines. Tumor cells interact with molecules and cells in the
TME. Recent literature shows that the immune landscape of the
TME can promote or inhibit tumor initiation and progression
(9–11). In fact, findings from clinical trials have revealed the
potential of a number of therapeutic strategies targeting the TME
for cancer therapy. However, little research has described the role
of TME in the progression of triple negative breast cancer
(TNBC). TNBC is characterized by a unique TME, which
differs from other breast cancer subtypes. In TNBC patients,
the TME is associated with induction of proliferation,
angiogenesis, inhibition of apoptosis and immune system
suppression, and drug resistance (12, 13). Nonetheless, the
functional tumor infiltrating lymphocytes, the mechanism of
TME regulation and concerning predictive biomarkers remain
unclear (14–16).

The present study aimed to identify key genes associated with
TNBC microenvironment and prognosis of patients. Summarily,
the relationship between the key genes and prognosis of TNBC
patients was analyzed, based on datasets from the Cancer
Genome Atlas (TCGA) database and Gene Expression
Omnibus (GEO) databases, which comprise gene expression
and quantification data as well as clinical information of
TNBC patients. Estimation of Stromal and Immune cells in
Malignant Tumor tissues using Expression data (ESTIMATE)
website provides easy access to predicting infiltration of immune
cells and stromal cells in TME, while CIBERSORT provide 22
immune cell information and 547 immune-related markers in
TNBC. Based on this information, we screened out key genes in
the TNBC microenvironment and elucidated their association
with prognosis of TNBC patients.
MATERIALS AND METHODS

Study Design
A schematic representation of the whole research is presented
in Figure 1.
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Gene Expression Dataset
Triple negative breast cancer (TNBC) datasets were obtained
from the TCGA and GEO databases. The TCGA dataset
comprised basic information, gene expression profiles and
prognostic information. This study only included patients
who had been diagnosed with TNBC with clear pathology and
clinical information, with those who had insufficient or missing
data such as age, TNM staging, and OS excluded. Data from
GEO was searched using “TNBC” and “survival”, as key terms,
using similar inclusion criteria applied in TCGA. Finally,
information belonging to 116 patients was obtained. The final
screening outcome was the GSE31519 dataset, which comprised
information for 68 patients. And the patient characteristics were
showed in Table 1.

Analysis of Immune Infiltration in the TME
Relative proportions of infiltrating immune cells for TNBC were
analyzed using ESTIMATE and CIBERSORT (https://cibersort.
stanford.edu/). Briefly, the ESTIMATE score was analyzed with
the R package, by comparing all patients’ information with the
standard information from the R package, then scoring their
stromal and immune scores (17, 18). The CIBERSORT score was
analyzed using the R package, then the relative proportion of 22
types of infiltrating immune cells used to determine 547
immune-related markers in TNBC patients. The R package of
CIBERSORT quantifies the relative scores of immune cells and
analyzes the relative proportion of immune cells (19, 20).

Identification of Differentially
Expressed Genes
TNBC samples were assigned to high and low immune score
groups, based on the median immune score obtained in
ESTIMATE analysis. On the other hand, the TNBC samples
were assigned into high stromal and low stromal score groups,
based on the median stromal score obtained from ESTIMATE
analysis. Thereafter, differentially expressed genes (DEGs) were
identified across different groups using the limma package in R
(21). The threshold of differentially expressed genes were: |log2
fold change (log2FC)| > 1 and false discovery rate (FDR) < 0.05.
All results were presented using a heat map.

Identification of Key Genes in the TME
Alternative genes associated with both the immune and stromal
scores were screened, and results presented using a Venn
diagram. Next, the proteins corresponding with alternative
genes were used to construct a PPI network via the STRING
database (22), with the degree of proteins indicating the number
of edges linking a given node protein. Protein to gene
interactions with integrated and scores > 0.95 selected, while
proteins with proportions greater than 5 and 10 selected as hub
and key proteins, corresponding with hub and key genes.

Further Verification of the Key Genes
Key genes were verified based on the GEO database and via
immunohistochemistry. Briefly, data from both the TCGA and
October 2021 | Volume 11 | Article 746058
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GEO databases were subjected to ESTIMATE and survival
analyses. Next, immunohistochemistry was carried out on 26
samples collected from TNBC patient at the Cancer Center of
Sun Yat-sen University, and the basic information of patients
were showed in Table 2. Summarily, the tissues were first
dewaxed in xylene, rehydrated in alcohol, and blocked in
endogenous peroxidase activity, then incubated overnight at
4°C with specific antibodies targeting CCR2 (rabbit; 1:100,
Abcam, Cambridge, UK) or CCR5 (rabbit; 1:500, Abcam). The
samples were then incubated at room temperature with
secondary antibodies (ab97080, goat anti-rabbit, 1:2,000;
ab97040, goat anti-mouse, 1:500, Abcam) for 10 min, and in 3-
3’-diamino-benzidine for 1.5 min. Thereafter, the samples were
counter stained with hematoxylin for 30s and visualized under a
microscope. Based on the degree of staining, the samples were
Frontiers in Oncology | www.frontiersin.org 3
divided into either high (CCR5+ or CCR2+) or low (CCR5-or
CCR2-) expression groups, using the imagine gray scale. The
resulting clinical information was used to perform survival
analysis using the survival and survminer packages in R (23).

Analysis of Potential Mechanism Through
Which Key Genes Influence the TME
Expression across different immune infiltration groups of TNBC
patients was subjected to GO and KEGG analysis with the aim of
elucidating the potential mechanism through which key genes
influence the TME. GO and KEGG analyses were performed
using the clusterProfiler, DOSE, and enrichplot packages in R
(24, 25). To further analyze activity of key genes in different
groups, GSEA was carried out where necessary depending on the
potential signal pathways (26).
FIGURE 1 | Research route.
October 2021 | Volume 11 | Article 746058
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RESULTS

Relationship Between ESTIMATE Score
and Prognosis of TNBC Patients
Results from ESTIMATE analysis revealed several score groups,
namely high and low immune, and high stromal and low stromal
score groups. Results from survival analysis across all groups
Frontiers in Oncology | www.frontiersin.org 4
showed that immune and stromal scores significantly influenced
the TMN stage of TNBC patients at p=0.028 and p < 0.001,
respectively (Figures 2A, B). Patients at stage IV exhibited
significantly higher immune and stromal scores than those at
stage I. Moreover, immune score (p=0.03) and stromal score
(p=0.024) significantly influenced prognosis of TNBC patients
(Figures 2C, D). Overall, these results indicated that low
TABLE 2 | Basic information of patients used in immunohistochemistry.

Variables No. Patients (%)

Gender
Female 26 (100.0%)
Male 0 (0.0%)

Age (y)
65 and less 22 (84.6%)
65 and above 4 (15.4%)

Tumor size
T1 2 (7.6%)
T2 18 (69.2%)
T3 2 (7.6%)
T4 4 (15.3%)

Nodal status
N0 12 (46.2%)
N1 8 (30.8%)
N2 3 (11.5%)
N3 3 (11.5%)

Metastasis
M0 24 (92.2%)
M1 1 (3.9%)
Mx 1 (3.9%)

Stage
I 2 (7.6%)
II 13 (50.0%)
III 10 (38.5%)
IV 8 (3.9%)
October 2021 | Volume 1
TABLE 1 | Patient characteristics (n = 184 patients).

Variables No. Patients (%)

Gender
Female 184 (100.0%)
Male 0 (0.0%)

Age (y)
65 and less 30 (16.3%)
65 and above 154 (83.7)

Tumor size
T1 38 (20.7%)
T2 112 (60.9%)
T3 22 (11.9%)
T4 12 (6.5%)

Nodal status
N0 103 (56.0%)
N1 45 (24.5%)
N2 25 (13.6%)
N3 11 (5.9%)

Metastasis
M0 160 (87.0%)
M1 8 (4.3%)
Mx 16 (8.7%)

Stage
I 29 (15.8%)
II 103 (55.9%)
III 44 (24.0%)
IV 8 (4.3%)
A B

DC

FIGURE 2 | Relationship between ESTIMATE scores and prognosis of TNBC patients: (A) The influence on stage of immune score. (B) Effect on stage of stromal
score. (C) Effect on prognosis of immune score. (D) Effect on prognosis of stromal score.
1 | Article 746058
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immune and stromal scores are indicators of better prognosis of
TNBC patients.

Identification of Differentially
Expressed Genes
A comparison between high with low immune score group, as
well as high with low stromal score group, revealed a total of
2307 DEGs. Among them, 2130 and 177 were up-regulated and
down-regulated, respectively, of which 363 in the upregulated
and 3 in the downregulated groups exhibited potential to
influence both immune and stromal scores (Figures 3A–D).

Identification of Key Genes in TME
Among the 366 genes that were screened out, survival analysis
for every gene resulted in 10 significant (p<0.05) genes, namely
CCR2, CCR5, CD1C, CD1E, IL7R, LINC00861, PTPRC,
VCAM1, XCR1 and CCL11 (Figure 4A). These were regarded
alternative genes and were used for identification of key genes in
the TME. A PPI network, constructed via the STRING database,
showed important node proteins indicating node genes, with the
degree of proteins indicating the number of edges linking to a
A

C

FIGURE 3 | Identification of differentially expressed genes. (A) A heat map showing
differentially expressed genes in stromal score. (C) Upregulated DEGs. (D) Downregu
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given node proteins (Figure 4B). The degree of interaction for
each protein was calculated and hub proteins with values greater
than5 and 10, including CCR2 and CCR5 selected (Figure 4C).
All hub proteins correspond with hub genes.

Verification of the Key Genes
Data obtained from the GEO database and immunohistochemistry
were analyzed for verification of the key genes. DEGs with different
immune and stromal scores are shown in Figures 5A, B. Results
from survival analysis showed that upregulation of CCR2 and
CCR5 was associated with poor prognosis of TNBC patients
(Figure 5C, D). Results from immunohistochemistry and
survival analysis further revealed poor prognosis of patients with
high expression CCR2 (Figures 5E, F) and CCR5 (Figures 5G, H).
Overall, these results confirmed that CCR2 and CCR5 are key
genes in the TME of TNBC.

Potential Mechanism of Action
Results from CIBERSORT analysis for immune cell infiltration,
and macrophages revealed that M0 was the main infiltrating cell
(Figure 6A). In addition, results from GO functional enrichment
B

D

differentially expressed genes in the immune score. (B) A heat map showing
lated DEGs.
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and KEGG pathway enrichment analysis as well as GSEA
revealed top 10 enriched GO terms, including SIDE OF
MEMBRANE and PHAGOCYTIC_VESICLE (Figures 6B, C).
The top 10 signaling pathways, including NATURAL KILLER
CELL MEDIATED CYTOTOXICITY and T CELL RECEPTOR
SIGNALING PATHWAY, are shown in Figures 6D, E. These
results indicate the potential mechanism of CCR2 and CCR5
influencing TME in TNBC.
DISCUSSION

Triple negative breast cancer (TNBC) is a largely hostile subtype
of breast cancer, with a high possibility of metastasis and a lack of
explicit targets for targeted therapeutics. In fact, TNBC is
considered to have an exceptional TME, that is different from
other subtypes (13). Previous studies have shown that the
interactions between cancer cells and components of the TME
play significant roles in cancer proliferation and metastasis (27,
28). Therefore, identification of key genes associated with
TNBC ’s TME is critical for development of effective
management and treatment strategies for TNBC. In the
present study, we identified 366 differentially expressed genes
Frontiers in Oncology | www.frontiersin.org 6
influencing both immune scores and stromal scores. Among
them, 30 were hub genes in PPI network, of which CCR2 and
CCR5 were identified as the key genes that influence TME and
prognosis of TNBC patients. These were further verified via
immunohistochemistry and data from the GEO database.

The CCL2-CCR2 signaling axis plays multiple pro-
tumorigenic roles, such as mediating tumor growth and
angiogenesis as well as usurping host stromal cells to support
tumor progression (29). Previous studies have also demonstrated
the translational potential of CCL2/CCR2 in hepatocellular
carcinoma, pancreatic cancer and esophageal squamous cell
carcinoma (30–32). Tumor development may be favored by
the CCL5-CCR5 signaling axis favor in multiple ways,
including proliferation, immunosuppression, angiogenesis, and
migration (33–35). Most studies on CCL5-CCR5 have focused
on gastric cancer and pancreatic cancer (36, 37). and found that
both signaling axes are closely related to immune cells, where
they augment their functions, induce their differentiation and
promote their migration to TME. Results of the present study are
consistent with findings from previous studies which indicated
that high expression of CCR2 and CCR5 promotes tumor
progression (38, 39). In fact, CCL2-CCR2 and CCL5-CCR5
signaling axes promote migration of cancer cells in breast
A

B C

FIGURE 4 | Among the 366 genes that were screened out, survival analysis for every gene resulted in 10 significant (p < 0.05) genes, namely CCR2, CCR5, CD1C,
CD1E, IL7R, LINC00861, PTPRC, VCAM1, XCR1 and CCL11 (A). These were regarded alternative genes and were used for identification of key genes in the TME.
A PPI network, constructed via the STRING database, showed important node genes, with the degree of genes indicating the number of edges linking to a given
node gene (B). The degree of interaction for each gene was calculated and hub genes with values greater than5 and 10, including CCR2 and CCR5 selected (C).
October 2021 | Volume 11 | Article 746058
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cancer, thus are potential targets for development of breast
cancer therapy. Therefore, identification of CCR2 and CCR5 as
key genes in the TME of TNBC is expected to aid in future
development of targeted therapies against the subtype.
Frontiers in Oncology | www.frontiersin.org 7
The immune cells showed different infiltration in different
ESTIMATE score groups, including macrophages, T cell
and CD8+. These immune cells are significant components of
TME and have various functions in cancer proliferation and
A B

D

E F

G H

C

FIGURE 5 | Verification of key genes. (A, B) Heat maps showing differentially expressed genes in patients with different immune and stromal scores.
(C, D) Prognosis of patients with different expression of CCR2 and CCR5 in the GEO database. (E F) Prognosis of 26 patients with different CCR5 expression.
(G, H) Prognosis of patients with different CCR2 expression.
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https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


i et al. Identification Key Genes in TBC
A

B

D

E

C

FIGURE 6 | Potential mechanism of action. (A) Results from CIBERSORT showing infiltration of 22 immune cells. (B) Results of GO analysis showing the main
significantly enriched GO terms. (C) The top 10 enriched GO terms in GSEA. (D) Results of KEGG analysis showing the main significantly enriched pathways.
(E) The top 10 signaling pathways in GSEA.
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metastasis (40). The main signaling pathways in different
ESTIMATE score groups were related to immunomodulation,
and included NATURAL KILLER CELL MEDIATED
CYTOTOXICITY and T CELL RECEPTOR SIGNALING
PATHWAY. The observed changes in immune cell infiltration
and activation of signaling pathways may be related to differential
expression of CCR2 and CCR5, although the actual underlying
mechanism needs further exploration.
CONCLUSION

In summary, CCR2 and CCR5 are key genes influencing the
TME of TNBC, and have significant effects on prognosis of
TNBC patients. Both genes have potential predictive ability,
hence can be used as biomarkers in targeted development of
therapies for treatment of TNBC. In future, unraveling the
mechanism underlying these hallmarks of TNBC will be key in
ensuring their clinical application for TNBC treatment.
Frontiers in Oncology | www.frontiersin.org 9
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8. Bejarano L, Jordāo M, Joyce JA. Therapeutic Targeting of the Tumor
Microenvironment. Cancer Discov (2021) 11(4):933–59. doi: 10.1158/2159-
8290.CD-20-1808

9. Quail D F, Joyce JA. Microenvironmental Regulation of Tumor Progression
and Metastasis. Nat Med (2013) 19(11):1423–37. doi: 10.1038/nm.3394

10. Wang S, Li Y, Xing C, Ding C, Zhang H, Chen L, et al. Tumor
Microenvironment in Chemoresistance, Metastasis and Immunotherapy of
Pancreatic Cancer. Am J Cancer Res (2020) 10(7):1937–53.

11. Cheng YQ, Wang SB, Liu JH, Jin L, Liu Y, Li CY, et al. Modifying the Tumour
Microenvironment and Reverting Tumour Cells: New Strategies for Treating
Malignant Tumours. Cell Prolif (2020) 53(8):e12865. doi: 10.1111/cpr.12865

12. Belli C, Trapani D, Viale G, D’Amico P, Duso BA, Della VP, et al. Targeting
the Microenvironment in Solid Tumors. Cancer Treat Rev (2018) 65:22–32.
doi: 10.1016/j.ctrv.2018.02.004

13. Deepak K, Vempati R, Nagaraju GP, Dasari VR, S N, Rao DN, et al. Tumor
Microenvironment: Challenges and Opportunities in Targeting Metastasis of
Triple Negative Breast Cancer. Pharmacol Res (2020) 153:104683. doi:
10.1016/j.phrs.2020.104683
14. Bareche Y, Buisseret L, Gruosso T, Girard E, Venet D, Dupont F, et al.
Unraveling Triple-Negative Breast Cancer Tumor Microenvironment
Heterogeneity: Towards an Optimized Treatment Approach. J Natl Cancer
Inst (2020) 112(7):708–19. doi: 10.1093/jnci/djz208

15. Liubomirski Y, Lerrer S, Meshel T, Rubinstein-Achiasaf L, Morein D,
Wiemann S, et al. Tumor-Stroma-Inflammation Networks Promote Pro-
Metastatic Chemokines and Aggressiveness Characteristics in Triple-Negative
Breast Cancer. Front Immunol (2019) 10:757. doi: 10.3389/fimmu.2019.00757

16. Weng YS, Tseng HY, Chen YA, Shen PC, Al HA, Chen LM, et al. MCT-1/
miR-34a/IL-6/IL-6R Signaling Axis Promotes EMT Progression, Cancer
Stemness and M2 Macrophage Polarization in Triple-Negative Breast
Cancer. Mol Cancer (2019) 18(1):42. doi: 10.1186/s12943-019-0988-0

17. Jia D, Li S, Li D, Xue H, Yang D, Liu Y. Mining TCGA Database for Genes of
Prognostic Value in Glioblastoma Microenvironment. Aging (Albany NY)
(2018) 10(4):592–605. doi: 10.18632/aging.101415

18. Zhou L, Huang W, Yu HF, Feng YJ, Teng X. Exploring TCGA Database for
Identification of Potential Prognostic Genes in Stomach Adenocarcinoma.
Cancer Cell Int (2020) 20:264. doi: 10.1186/s12935-020-01351-3

19. Newman AM, Liu CL, Green MR, Gentles AJ, Feng W, Xu Y, et al. Robust
Enumeration of Cell Subsets From Tissue Expression Profiles. Nat Methods
(2015) 12(5):453–7. doi: 10.1038/nmeth.3337

20. Gentles AJ, Newman AM, Liu CL, Bratman SV, Feng W, Kim D, et al. The
Prognostic Landscape of Genes and Infiltrating Immune Cells Across Human
Cancers. Nat Med (2015) 21(8):938–45. doi: 10.1038/nm.3909

21. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. Limma Powers
Differential Expression Analyses for RNA-Sequencing and Microarray
Studies. Nucleic Acids Res (2015) 43(7):e47. doi: 10.1093/nar/gkv007

22. Fan P, Lin QH, Guo Y, Zhao LL, Ning H, Liu MY, et al. The PPI Network
Analysis of mRNA Expression Profile of Uterus From Primary Dysmenorrheal
Rats. Sci Rep (2018) 8(1):351. doi: 10.1038/s41598-017-18748-2

23. Liu TT, Li R, Huo C, Li JP, Yao J, Ji XL, et al. Identification of CDK2-Related
Immune Forecast Model and ceRNA in Lung Adenocarcinoma, a Pan-Cancer
Analysis. Front Cell Dev Biol (2021) 9:682002. doi: 10.3389/fcell.2021.682002

24. Zhou RS, Zhang EX, Sun QF, Ye ZJ, Liu JW, Zhou DH, et al. Integrated
Analysis of lncRNA-miRNA-mRNA ceRNA Network in Squamous Cell
Carcinoma of Tongue. BMC Cancer (2019) 19(1):779. doi: 10.1186/s12885-
019-5983-8

25. Qi L, Liu B, Chen X, Liu Q, LiW, Lv B, et al. Single-Cell Transcriptomic Analysis
Reveals Mitochondrial Dynamics in Oocytes of Patients With Polycystic Ovary
Syndrome. Front Genet (2020) 11:396. doi: 10.3389/fgene.2020.00396
October 2021 | Volume 11 | Article 746058

https://doi.org/10.3322/caac.21660
https://doi.org/10.7150/ijbs.21635
https://doi.org/10.3322/caac.21332
https://doi.org/10.1186/bcr3045
https://doi.org/10.1158/1078-0432.CCR-18-2782
https://doi.org/10.1002/cncr.31551
https://doi.org/10.1186/s13058-020-01296-5
https://doi.org/10.1158/2159-8290.CD-20-1808
https://doi.org/10.1158/2159-8290.CD-20-1808
https://doi.org/10.1038/nm.3394
https://doi.org/10.1111/cpr.12865
https://doi.org/10.1016/j.ctrv.2018.02.004
https://doi.org/10.1016/j.phrs.2020.104683
https://doi.org/10.1093/jnci/djz208
https://doi.org/10.3389/fimmu.2019.00757
https://doi.org/10.1186/s12943-019-0988-0
https://doi.org/10.18632/aging.101415
https://doi.org/10.1186/s12935-020-01351-3
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.1038/nm.3909
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1038/s41598-017-18748-2
https://doi.org/10.3389/fcell.2021.682002
https://doi.org/10.1186/s12885-019-5983-8
https://doi.org/10.1186/s12885-019-5983-8
https://doi.org/10.3389/fgene.2020.00396
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Yi et al. Identification Key Genes in TNBC
26. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA,
et al. Gene Set Enrichment Analysis: A Knowledge-Based Approach for
Interpreting Genome-Wide Expression Profiles. Proc Natl Acad Sci USA
(2005) 102(43):15545–50. doi: 10.1073/pnas.0506580102

27. Laplane L, Duluc D, Bikfalvi A, Larmonier N, Pradeu T. Beyond the Tumour
Microenvironment. Int J Cancer (2019) 145(10):2611–8. doi: 10.1002/ijc.32343

28. Jin M Z, Jin WL. The Updated Landscape of Tumor Microenvironment and
Drug Repurposing. Signal Transduct Target Ther (2020) 5(1):166. doi:
10.1038/s41392-020-00280-x

29. Lim SY, Yuzhalin AE, Gordon-Weeks AN, Muschel RJ. Targeting the CCL2-
CCR2 Signaling Axis in Cancer Metastasis. Oncotarget (2016) 7(19):28697–
710. doi: 10.18632/oncotarget.7376

30. Li X, YaoW, Yuan Y, Chen P, Li B, Li J, et al. Targeting of Tumour-Infiltrating
Macrophages via CCL2/CCR2 Signalling as a Therapeutic Strategy Against
Hepatocellular Carcinoma. Gut (2017) 66(1):157–67. doi: 10.1136/gutjnl-
2015-310514

31. Nywening TM, Wang-Gillam A, Sanford DE, Belt BA, Panni RZ, Cusworth
BM, et al. Targeting Tumour-Associated Macrophages With CCR2 Inhibition
in Combination With FOLFIRINOX in Patients With Borderline Resectable
and Locally Advanced Pancreatic Cancer: A Single-Centre, Open-Label, Dose-
Finding, Non-Randomised, Phase 1b Trial. Lancet Oncol (2016) 17(5):651–62.
doi: 10.1016/S1470-2045(16)00078-4

32. Yang H, Zhang Q, Xu M, Wang L, Chen X, Feng Y, et al. CCL2-CCR2 Axis
Recruits Tumor Associated Macrophages to Induce Immune Evasion
Through PD-1 Signaling in Esophageal Carcinogenesis. Mol Cancer (2020)
19(1):41. doi: 10.1186/s12943-020-01165-x

33. Aldinucci D, Borghese C, Casagrande N. The CCL5/CCR5 Axis in
Cancer Progression.Cancers (Basel) (2020) 12(7):1765. doi: 10.3390/cancers12071765

34. Weitzenfeld P, Ben-Baruch A. The Chemokine System, and Its CCR5 and
CXCR4 Receptors, as Potential Targets for Personalized Therapy in Cancer.
Cancer Lett (2014) 352(1):36–53. doi: 10.1016/j.canlet.2013.10.006

35. Karash A, Mazzoni M R, Gilchrist A. Pharmacological Intervention at CCR1
and CCR5 as an Approach for Cancer: Help or Hindrance. Curr Top Med
Chem (2014) 14(13):1553–73. doi: 10.2174/1568026614666140827144440
Frontiers in Oncology | www.frontiersin.org 10
36. Aldinucci D, Casagrande N. Inhibition of the CCL5/CCR5 Axis Against the
Progression of Gastric Cancer. Int J Mol Sci (2018) 19(5):1477. doi: 10.3390/
ijms19051477

37. Singh SK, Mishra MK, Eltoum IA, Bae S, Lillard JJ, Singh R. CCR5/CCL5 Axis
Interaction Promotes Migratory and Invasiveness of Pancreatic Cancer Cells.
Sci Rep (2018) 8(1):1323. doi: 10.1038/s41598-018-19643-0
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