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M2 macrophages predicted the prognosis of breast cancer by combing a novel immune cell signature and promoted cell migration and invasion of cancer cells in vitro
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Abstract: Background: Breast cancer (BC) is the most common cancer and the leading cause of cancer death in women. Immune features play an important role in improving the prognosis prediction of BC. However, while previous immune signatures consisted mainly of immune genes, immune cell-based signatures have been rarely reported. Methods: In this study, we report that a novel immune cell signature is effective in improving prognostic prediction by combining M2 macrophages. We identified 17 differentially infiltrating immune cells between cancer and normal groups. Prognostic features of the four immune cells identified by LASSO COX analysis showed good performance for survival risk stratification in both the training and validation datasets. Independent prognostic analysis showed that M2 macrophages were significantly associated with survival in BC patients and both the cells and the risk score were the main prognostic factors independent of survival in BC patients. Results: Therefore, we combined M2 macrophages and risk scores to create a nomogram with good prognostic predictive power. Finally, we attempted to study the effect of M2 on M2 macrophage progression in BC in vitro. BC cells cultured with M2 macrophage-conditioned medium exhibited distinct malignant features, including migration and invasion. Conclusion: The findings suggest that M2 macrophages are associated with poor prognosis in breast cancer patients possibly by promoting tumor invasion and migration. This work may provide a new strategy for prognostic prediction and immunotherapy in BC.
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Introduction

As the most common malignancy in women, breast cancer (BC) kills more than half a million people worldwide each year and has a serious impact on the health of women [1]. The main cause of death here is the metastasis of tumor cells. High metastatic heterogeneity of breast tumor cells in BC patients reduces the accuracy of prognosis [2]. As a result, the early identification, diagnosis, and treatment of BC have declined in recent decades. Further, multimodal therapies, including surgery, radiotherapy, and chemotherapy, have proved inefficient in BC prognosis in patients with tumor metastasis [3,4]. Therefore, identifying new prognostic biomarkers in BC patients is essential to developing new treatment methods.

The rapid development of genome sequencing technology has led to the development of cancer diagnostic and prognostic capabilities using various transcriptomic molecules. These include the diagnostic and prognostic signatures composed of multiple genes and non-coding RNA, respectively, used for the diagnosis and evaluation of cancer [5]. However, a prognostic signature is urgently needed given the complex interaction between the transcriptomic molecules and tumor cells. Nevertheless, the composition of many biomolecules and immune cells in the tumor and normal environment is significantly different. Thus, it can be used to construct signatures identifying cancer processes [6]. Besides, immune cells are highly linked to cancer [7,8]. Also, the immune signal has been used as a new prognostic signature based on immunotherapy, independent of other clinical factors; thus, superior to the traditional staging methods [9].

Multiple immune parameters have been correlated with the prognostic prediction of BC. In addition, the recurrence score based on the 21-gene model predicts the risk of chemotherapy [10]. Additionally, the 70-gene model divided BC patients into high- or low-risk prognostic models for relapsed populations [11]. Further, another study established a prognostic model of immune-related genes to guide the immunotherapy of BC patients [12]. It is therefore crucial to identify prognostic indicators related to immunity in the BC tumor microenvironment.

The M2 macrophage status also guides patient treatment and helps identify new immunotherapeutic interventions. The M2 macrophage activity is influenced by tumor cell products and the cell cycle. The M2 macrophages cyclically transform into M1 macrophages [13,14]. M2 macrophages are activated to promote tissue repair, while M1 macrophages are activated to kill microorganisms and tumor cells [15]. Further, M2 macrophages secrete the Chitinase 3 Like 1 (CHI3L1) protein and promote the metastasis of dormant BC cells in the bone marrow [16,17]. Therefore, M2 macrophages may be an important biomarker for identifying BC progression.

This study investigated the prognostic significance of M2 macrophage immune cells in BC based on the The Cancer Genome Atlas (TCGA) dataset. First, we used the CIBERSORT deconvolution algorithm to analyze the infiltration rates of 22 immune cells and identified 17 tumor immune cells with differences between normal and tumor groups. Then four immune cell types that were most associated with BC prognosis were analyzed by LASSO COX. Subsequently, we used univariate and multivariate COX regression to determine the relationship between M2 macrophages and survival in BC patients, and further performed survival analyses. Finally, independent prognostic assessments of M2 macrophages and risk scores were performed, and the differential presentation of M2 macrophages in different clinical features was observed. Nomogram analysis for assessing M2 macrophages and the risk score inprognosis was also done.

Additionally, we used quantitative reverse transcription polymerase chain reaction (qRT-PCR) and western blotting to detect the expression of M2 macrophages. Cell proliferation, colony formation, and transwell assays were used to determine the in vitro function of M2 macrophages. Protein expression levels of ubiquitinated and M2 macrophage markers were analyzed by protein blotting. MDA-MB-231 breast cancer cells were assayed for their migratory and invasive abilities by cellular wound healing assays and transwell assays. Cell invasiveness was enhanced in the presence of the M2-conditioned medium. Finally, the wound healing assay and trans-well assay were performed to evaluate the migratory and invasive abilities of MDA-MB-231 breast cancer cells. This study elucidated the prognostic impact of M2 macrophages on BC and established its value in predicting prognosis and treatment response in BC patients.

Materials and Methods

Data processing

The Cancer Genome Atlas (TCGA) was used to collect gene expression profiles and clinical data of BC patients. The gene expression data type is fragments per kilobase of exon per million mapped fragments (FPKM), based on high-throughput sequencing. The clinical information of the patient, including overall survival time (OS), status and tumor, node and metastases (TNM) stage were collected. We performed differential expression analysis on the data by log2 normalization of the expression data, through the limma package in the R language, and obtained differently expressed genes. Then, we extracted the differentially expressed genes in tumor and normal samples for subsequent analysis.

Immune score computation

CIBERSORT employs the deconvolution method with three large data sets to determine the absolute immune score and abundance of each immune cell subpopulation. The method appears to be acceptable as the abundance of seven human immune cells can be estimated. CIBERSORT obtains the p-value using Monte Carlo sampling to deconvolve each sample, thereby providing measurement confidence for each estimate. Data values (p < 0.05) with significant differences can be used for further analysis. The median immunological score separated the gene expression data between the upper and lower groups. The “limma” R package was used to probe for immune-related genes (IRGs): (|log2FC| > 1 and FDP < 0.01).

Prognostic risk model construction

Combined with the clinical data downloaded from TCGA, the connection between each IRG of the patients in the training set and the OS was investigated using univariate COX regression. The relationship between patients IRGs and other clinical phenotypes was done by multivariate COX regression. LASSO COX was used to screen for IRGs with high correlation. Such genes were identified as possible survival-related IRGs.

This was applied to the development of immune-related risk models. The formula for assessing risk is as follows:


R=∑coef⋅exp⁡ression

The median of the risk score (RS) was used as the cutoff value to divide all patients into high-risk and low-risk groups. Further, we examined the difference in the immune infiltration level and the survival status of both groups. ROC curves were drawn to validate their assessment capabilities.

Independent prognostic analysis

We selected M2 macrophages as the prominent factor. The risk score was computed and we examined its prognostic performance. Macrophages M2 and risk scores, as well as numerous clinical characteristics (gender, age, T, N, M, and Stage), were subjected to univariate and multivariate COX regression. Comparative analysis was performed to obtain important factors affecting BC disease.

Cell culture and macrophage polarization induction

The Human THP-1 cell line and breast cancer cell line MDA-MB-231 were purchased from the American Type Culture Collection (ATCC, Manassas, Virginia, USA), and maintained in RMPI 1640 and DMEM medium supplemented with 10% FBS, respectively. THP-1 cells were seed into 6-well plates and treated with phorbol-12-myristate-13-acetate (PMA) at 50 ng/mL for 24 h, then cultured with fresh RPMI 1640 medium for 24 h to induce M0 macrophages. Tumor associated macrophage (TAM) polarization was induced by treating M0 macrophages with MDA-MB-231 conditioned medium at 20% (v/v) for 7 days, and the medium was changed every three days. Polarized TAMs were cultured in serum-free medium for 48 h. The culture supernatant was collected as the TAM-conditioned medium for co-culture with cancer cells.

Quantitative polymerase chain reaction and western blotting

Total RNA was extracted from THP-1 and polarized M2 macrophages by using RNeasy Kit (Qiagen, Dusseldorf, Germany). cDNA was obtained by using the PrimeScript RT reagent kit (TAKARA, Shiga, Japan). Primers used for the quantitative polymerase chain reaction (qPCR) in this study are listed below. CD206-F: Ctcggttcagctattggacgc, CD206-R: Cggaatttctgggattcagcttc, CD163-F: CCAGTCCCAAACACTGTCCT, CD163-R: ATGCCAGTGAGCTTCCCGTTCAGC, CD301-F: GGTGGATGGAACAGACTATGCG, CD301-R: GGATGGAAGTGAGCACAGTCCT, ARG-1-F: TCATCTGGGTGGATGCTCACAC, ARG-1-R: GAGAATCCTGGCACATCGGGAA, Actin-F: CACCATTGGCAATGAGCGGTTC, Actin-R: AGGTCTTTGCGGATGTCCACGT.

The protein content was extracted from cells by using RIPA lysis buffer supplemented with a proteinase inhibitor cocktail. Total protein was loaded at 20 μg per well and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) Gel. Proteins were transferred to a polyvinylidene difluoride (PVDF) membrane using a semi-dry transfer machine (Bio-Rad, Hercules, California, USA). After incubating with 5% non-fat milk, the membrane was incubated with primary antibodies overnight at 4°C and then incubated with HRP-conjugated secondary antibody for 1 h at room temperature. Images were captured by using a imaging machine (Bio-Rad, Hercules, California, USA). The antibodies used in this study are listed below. Antibody against β-actin (Santa Cruz Biotechnology, Dallas, Texas, USA), Antibodies against CD206 and Arg-1 (Proteintech, Rosemont, Illinois, USA) were purchased. And Antibodies against CD301 and CD163 from (Invitrogen, Waltham, Massachusetts, USA) were purchased.

Tumor cell migration and invasion assays

Tumor cells were seeded in a 6-well plate at a density of 5 × 105 cells per well. 24 h later, cells were scratched by a 20 μl tip. After washing twice with phosphate buffered saline (PBS), cells were cultured with either DMEM serum-free medium or conditioned medium at a concentration of 20% (v/v) for 24 h. Imaging was performed immediately after scratching and 24 h post-scratching. 3 wells for each group were observed. Cell invasion was performed using the BioCoat Matrigel Invasion Chamber (8 μm, 24 well) (Corning, New York, USA). MDA-MB-231 cells were suspended in serum-free DMEM medium and plated into upper chambers at a density of 2.5 × 104 per well. Simultaneously, DMEM medium alone and 20% (v/v) conditioned medium were added to the lower chamber, respectively. After 20 h, cells inside the upper chamber were carefully removed and cells on the bottom side were fixed with 4% paraformaldehyde and stained with crystal violet. Five images of each well were captured by the microscope (Olympus, Tokyo, Japan).

Nomogram study

The nomogram is based on multivariate regression research and incorporates numerous prognostic indicators before being scaled. Line segments are drawn on the same plane according to a certain scale, so the relationship between the various variables in the prediction model can be expressed. We used a nomogram to examine the scores of each factor and judge the 1, 3 and 5-year BC survival rates.

Statistical analysis

All statistical analysis was done in R Studio software, and survival analysis through “survival” and “survminer” packages. The Kaplan-Meier (K-M) curves were examined using the log-rank test. The hazard ratios (HRs) were calculated using univariate and multivariate COX proportional hazards regression models. Among the 22 immune cell subpopulations, the key prognostic cell was chosen using the LASSO COX regression model with the Least Absolute Shrinkage and Selection Operator (LASSO) penalty. In addition, ten-fold cross-validation was used to narrow the variables. To identify independent predictive markers, we employed a multivariate COX regression model. All statistical tests were two-way, and p < 0.05 was statistically significant. Data were collected from three independent experiments and expressed as mean ± standard deviation (SD). All significance analyses, including one-way analysis of variance (ANOVA), multiple comparisons, and t-tests, were performed using Origin software. p-values of 0.05 were considered significant.

Results

Tumor immune microenvironment alterations

The immune cell infiltration rate was determined using the CIBERSORT deconvolution method. Among the immune cell subtypes, resting memory CD4+ T cells (29.18%), M2 macrophages (25.07%), resting mast cells (8.22%), naïve B cells (6.91%), and plasma cells (6.43%) had the highest infiltration rate in the normal group (Fig. 1A). In the tumor group, the infiltration rate of the resting memory CD4+ T cells, M2 macrophages, M0 macrophages, resting mast cells, and M1 macrophages was 22.62%, 20.01%, 17.19%, 6.94% and 6.51%, respectively (Fig. 1B). Besides, there was a significant difference in memory B cells (p = 0.001), resting natural killer (NK) cells (p = 0.001), and neutrophils (p = 0.007) between the tumor and normal groups. In addition, the infiltration ratios of resting memory CD4+ T cells activated memory CD4+ T cells, T follicular helper cells, regulatory T cells (Tregs), activated NK cells, monocytes, M0 macrophages, M1 macrophages, M2 macrophages, resting dendritic cells, activated dendritic cells, resting mast cells, eosinophils, and plasma cells were significantly different (p < 0.001; Fig. 1C). Therefore, all 17 different infiltrating immune cells were categorized as differentially infiltrating immune cells (DIICs) (*p < 0.05).
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Figure 1: CIBERSORT analysis of immune cell infiltration ratios. (A) The infiltration ratio of 22 immune cell types in the normal group. (B) The infiltration rate of 22 immune cell types in the tumor group. (C) Profile of differentially infiltrating immune cells (DIICs).

Construction and verification of signatures of four immune infiltrating cells

The 17 prognostic immune cells were reduced to four (Plasma cells, T cells regulatory (Tregs), M1 macrophages, and M2 macrophages) by LASSO COX analysis (Figs. 2A and 2B). Next, the patient’s risk score (RS) was calculated based on the four immune cell scores multiplied by the LASSO coefficient as follows:
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Figure 2: The construction of the prognostic signature. (A) The four immune cell types obtained by the Least Absolute Shrinkage and Selection Operator (LASSO) regression analysis. (B) Partial likelihood deviation of the LASSO coefficient distribution. The two vertical dashed lines indicate the Lambda.min and lambda.1se. (C) Survival rates and immune cell distribution in high-risk and low-risk groups.

RS = 0.2637* plasma cells + 1.3418* regulatory T cells (Tregs) − (−0.2662)* M1 macrophages + 1.8123* M2 macrophages, using the median as the critical value. All the samples were categorized as either high or low-risk. The TCGA, patient status, and pattern of 4-cell signatures are presented in Fig. 2C.

Of the 1069 samples assayed, 534 were categorized as low-risk and 535 as high-risk. The high-risk samples had a good prognosis compared to the low-risk (p = 0.0048; Fig. 3A) with a predicted RS area under the curve (AUC) of 1, 3 and 5 year, AUC1 = 0.660, AUC3 = 0.602, and AUC5 = 0.618 (Fig. 3B). Besides, the high-risk group significantly outperformed the low-risk group in terms of prognosis (p = 0.0075; Fig. 3C) with the RS AUC of AUC1 = 0.590, AUC3 = 0.680, and AUC5 = 0.693 (Fig. 3D).
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Figure 3: Establishment and verification of the 4-cell prognostic signature. (A) Survival analysis based on 4-cell prognostic signature risk score in the The Cancer Genome Atlas (TCGA). (B) The predictive power of risk scores for patients with 1-year, 3-year, and 5-year survival rates in the TCGA. (C) Survival analysis based on the risk score of the 4-cell signature in the validation cohort. (D) Verification of the predictive power of the risk scores for the 1-year, 3-year, and 5-year survival rates in the cohort of patients.

Correlating clinical manifestations and M2 macrophages

Univariate and multivariate COX regression analysis on the four immune cells revealed that M2 macrophages were closely related to OS (Table 1). Based on the survival analysis, there was a low survival rate of patients, closely associated with the increased infiltration rate of M2 macrophages (p < 2.22e-16; p = 0.00083; Figs. 4A and 4B). The predicted OS AUC were AUC1 = 0.660, AUC3 = 0.590, and AUC5 = 0.610 (Fig. 4C).
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Figure 4: Clinical associationsof M2 macrophages in the The Cancer Genome Atlas (TCGA) cohort. (A) The M2 macrophage infiltration patterns in the high- and low-risk groups. (B) Survival analysis with M2 macrophages. (C) Applying the M2 macrophage predictions for BC patient survival rates.

In the validation cohort, the M2 macrophages had similar clinical features. Their infiltration rate was higher in the high-risk group than the low-risk group (p < 2.22e-16; Fig. 5A), which was closely associated with the poor survival rate of patients (p = 0.00075; Fig. 5B). Their predicted OS AUC were AUC1 = 0.660, AUC3 = 0.680, and AUC5 = 0.700 (Fig. 5C).
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Figure 5: Clinical manifestations of M2 macrophages in the validation cohort. (A) The infiltration pattern of M2 macrophages in the high-and low-risk groups. (B) Survival analysis with M2 macrophages. (C) The predictive capacity of M2 macrophages for BC patients with 1-year, 3-year, and 5-year survival rates.

Correlation analysis between the M2 macrophages and pathological features revealed that the M2 macrophage infiltration rate in patients aged ≥67 was significantly higher than those <67 years (p = 7.31e-06; Fig. 6A). Interestingly, the M2 macrophage infiltration rate was significantly correlated with the degree of size (T) (p = 0.049), spread to lymph nodes (N) (p = 0.041), and stage of lesions (p = 0.015; Figs. 6B–6D).
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Figure 6: The clinical relevance of M2 macrophages in BC. (A) The correlation between infiltration level differences of M2 macrophages in different age groups. (B) The correlation between the infiltration level of M2 macrophages and the T stage (the size of the tumor and any spread of cancer into nearby tissue). (C) The correlation between the infiltration level of M2 macrophages and the N stage (spread to nearby lymph nodes). (D) The correlation between the infiltration level of M2 macrophages and the stage.

Independent prognostic analysis identified both M2 macrophages and risk scores were crucial prognostic risk factors

An independent prognostic analysis of M2 macrophages, risk scores and multiple clinical characteristics (gender, age, T, N, M, and Stage) was performed through the univariate and multivariate COX regression. The risk score (HR = 4.6447; p < 0.001; Fig. 7A) and M2 macrophages (HR = 11.722, p < 0.001; Fig. 7B) were BC progression risk variables based on the univariate COX regression analysis on the TCGA cohort. Multivariate analysis further revealed that the risk score (HR = 2.761, p = 0.0215; Fig. 8A) and M2 macrophages (HR = 5.555, p = 0.0246; Fig. 8B) were the main crucial survival predictors of BC patients, with other clinical parameters having a minimal effect.
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Figure 7: Univariate COX regression analysis. (A) COX analysis of the risk score. (B) COX analysis of M2 macrophages.
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Figure 8: Multivariate COX regression analysis. (A) The risk score and the multivariate COX model. (B) The M2 macrophages and the multivariate COX model.

Nomogram of M2 macrophage and risk score and its prediction

The risk score and M2 macrophages were suitable indicators for nomogram construction since they had high prognostic capabilities. In addition, RS (C-index = 0.734) and M2 macrophages (C-index = 0.712) had good predictive potentials. Thus, the nomogram composed of M2 macrophage and risk score had a good predictive capability (C-index = 0.766; Fig. 9A). Besides, the 1-, 3-, and 5-year OS prediction rates revealed that the nomogram was capable of accurate predictions (Fig. 9B).
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Figure 9: Nomogram-predicted survival rate. (A) Nomogram constructed with RS and M2 macrophages as factors. (B) The Nomogram survival probabilities vs. the actual 1-year, 3-year, and 5-year survival probabilities.

Tumor associated macrophage-conditioned medium promoted in vitro breast cancer cell migration and invasion

TPH-1 cells were polarized to TAMs by incubating with the cultured medium from MDA-MB-231 culture (Fig. 10A). Cell markers were examined by qRT-PCR (Fig. 10B) and western blotting (Fig. 10C). The expression of M2 macrophage markers CD163, CD206, CD 301, and Arg-1 were significantly lowered after polarization. The migration and invasion abilities of MDA-MB-231 cells were evaluated by the wound-healing assay and trans-well assay, respectively. The migration distance in the M2-conditioned medium was significantly expanded compared to the control group (Figs. 10D and 10E). The cell invasion was also enhanced in the presence of M2-conditioned medium (Fig. 10F). These results suggested that in the presence of TAMs, tumor cells exhibited more malignant characteristics, explaining the extremely strong relationship between M2-like TAMs and poor prognosis.
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Figure 10: M2 supernatant promoted breast cancer cell migration and invasion. (A) Representative images of TAM polarization. Scale bar: 100 μm. (B) Quantitative polymerase chain reaction (qPCR) for TAMs polarization. (C) Western blotting for TAMs polarization. (D) Representative images of the wound healing assay, and evaluation of the migration ability of MDA-MB-231 cells, scale bar: 100 μm. (E) Statistical analysis for the cell migration distance (n = 6). (F) Representative images of the trans-well invasion assay, evaluating the invasive ability of MDA-MB-231 cancer cells. Statistical analysis for the number of cells (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001.

Discussion

The present study identified four immune cells most relevant to the BC prognosis through differential analysis of 22 immune cell types and LASSO regression analysis. Their expression levels in the tumor microenvironment were predicated by constructing a prognostic signature, scoring the BC samples against the signature, and then assigning them to high-risk or low-risk groups. The novel immune cell signature had an outstanding predictive ability.

COX regression analysis was performed on these four types of immune cells. Next, the expression and clinical manifestations of M2 macrophages in BC patients were analyzed to determine the predictive ability of M2 macrophages on BC progression. Subsequently, the independent prognosis of M2 macrophages and a risk score analysis based on the M2 macrophage infiltration level and various clinical indicators were performed. The risk score was highly correlated with the patient’s OS. The area under the ROC curve indicated very good prognostic ability. The specific qRT-PCR and protein blotting assays in this study showed that the M2 culture supernatant promoted breast cancer cell line migration and invasion. Protein blotting analysis showed the protein levels in control and M2 macrophages. Representative images for the wound healing assay were used to evaluate the migratory capacity of MDA-MB-231 cells. Similarly, representative images were used for the transwell invasion assay to assess the invasive ability of MDA-MB-231 cancer cells. The results indicate that MDA-MB-231 cells had pro-metastatic and invasive functions. The above evidence suggests that M2 macrophages can regulate the tumor immune microenvironment and promote breast cancer metastasis.

Recently, TAMs have attracted a great deal of attention because they are frequently documented as abundant immune cells in the tumor stroma of a wide range of cancers. The high abundance of these cells is usually associated with poorer clinical outcomes [18]. M2 macrophages, on the other hand, are important functional cells that promote immunosuppression and prolong drug efficacy in the tumor microenvironment (TME) [19,20]. Moreover, macrophages are abundantly present in the TME of most cancers, where they promote invasion and angiogenesis, metastasis, and increase immunosuppression [21]. The importance of M2 macrophages in the TME has generated interest in therapeutic approaches that aim at reducing the immunosuppression of TAMs or increasing macrophage phagocytosis [22,23]. Current macrophage-based immunotherapeutic approaches are mechanistically dependent on the TME and frequently exhibit an immunosuppressive M2 phenotype, which promotes tumor growth and facilitates resistance to therapy [24]. Combined treatment with the tumor environment and M2 macrophages often accelerates the development of untreated tumors [25,26] and compromises the efficacy of anti-cancer drugs [27].

The TME covers the tumor cells and the surrounding cells, such as the normal epithelial and stromal cells, immune cells, and vascular cells [28]. Further, abnormal immune functions in the TME is a hallmark of cancer [29]. In addition, immune cells impact cancer patient prognosis due to the heterogeneity of tumors and immune cell infiltration [30,31]. The infiltration of Treg cells suppresses tumors and is associated with prognosis [28,32,33), while the infiltration of dendritic cells (DC) is usually associated with positive clinical results [34]. However, dendritic cells favor the infiltration of Tregs in breast tumors, leading to a poor prognosis [35]. On the other hand, plasma cells inhibit interferon (IFN)-α production [36].

The rapid development of genome sequencing technology has enabled more studies on BC prognostic signatures. For example, independent prognostic biological target genes such as p53 (p < 0.008) and EZH2 (p < 0.0045) were shown to have a good prognostic ability within 5 years [37]. In the present study, the four immune cell prognostic signatures developed had significant prognostic capacities (p < 0.0075), with M2 macrophages having a better independent prognostic capacity (p < 0.00075). While immune cells did not necessarily undergo transcriptomic regulation in tumor cells, they improved the reliability and highlighted the clinical significance of cell signatures.

We performed univariate independent prognostic analyses to compare the clinical survival time and survival status. In the true sense, only multiple factors can be used to verify whether a subject can be a factor that is related to OS. The multivariate analysis amalgamated these clinical traits and our risk value together to compare with the obtained survival time and survival state. This confirmed that the risk score can be employed as a predictive indicator independent of other clinical characteristics.

Macrophages are key immune cells highly related to inflammatory responses [29]. Based on their activation status and function, macrophages can be classified as M1 and M2 types. The M1 macrophages play key roles in phagocytosis and microbicial activities, presentation of antigens, and initiation of adaptive immune responses, while the M2 macrophages are activated to kill microorganisms and tumor cells. Therefore, the activation of M2 macrophages is highly correlated with their infiltration into tumor cells, which serves as an indicator of cancer progression. The M2 macrophages in the TEM also secrete chemokines to recruit T cells and dendritic cells [30]. Therefore, M2 macrophages as a new immune target offer significant advantages in BC clinical prognosis.

In this study, the immune signature of tumor-infiltrating immune cells (TICs) could predict the prognostic outcome of BC patients. However, our study also has inevitable limitations. Firstly, the datasets we used are public datasets with biases and limitations. These results may require large-scale, multi-center, evidence-based medical studies for verification. Secondly, this is a retrospective study, and data bias may affect survival and immune cell characteristics. Our results require prospective studies for validation. Thirdly, although the specific mechanism of the M2 macrophage immune cells in the CIBERSORT-based study has been reported, the data still needs to be experimentally verified.

Conclusion

We constructed a novel immune cell signature that was combined with M2 macrophages to enable an effective prognostic prediction of BC patients. The M2 macrophages served as an independent prognostic factor for BC and promoted cell migration and invasion of breast cancer cells in vitro. The findings suggest that M2 macrophages are associated with poor prognosis in breast cancer patients possibly by promoting tumor invasion and migration. This work may provide a new strategy for BC prognosis prediction and immunotherapy.
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TABLE 1

Univariate, multivariate and least absolute shrinkage and selection operator (LASSO) COX analysis of the 4 immune cell signatures

Immune signature Univariate COX regression Multivariate COX regression LASSO coefficient
Beta HR (95% CI) p-value HR (95% CI) p-value

Plasma cells 2.3049 10.023 (0.2226-451.38) 0.2354 19.102 (0.4220-865.00) 0.1294 0.2637

Tregs 3.2748 26.436 (0.0867-8057.2) 0.2618 509.14 (1.3231-19600) 0.0402 1.3418

Macrophages M1 -3.3705 0.0348 (0.0011-1.1223) 0.0581 0.1840 (0.0045-7.5400) 0.3718 -0.2662

Macrophages M2 2.5926 13.365 (3.2810-54.443) <0.001 16.276 (3.6038-73.500) <0.001 1.8123
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