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outcomes in triple-negative
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1Stem Cell Laboratory, Second Affiliated Hospital of Fujian Medical University, Quanzhou, China,
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Background: Natural killer (NK) cells are crucial to the emergence, identification,

and prognosis of cancers. The roles of NK cell-related genes in the tumor

immune microenvironment (TIME) and immunotherapy treatment are unclear.

Triple-negative breast cancer (TNBC) is a highly aggressive malignant tumor.

Hence, this study was conducted to develop a reliable risk model related to NK

cells and provide a novel system for predicting the prognosis of TNBC.

Methods: NK cell-related genes were collected from previous studies. Based on

TCGA and GEO database, univariate and LASSO cox regression analysis were

used to establish the NK cell-related gene signature. The patients with TNBC

were separated to high-risk and low-risk groups. After that, survival analysis was

conducted and the responses to immunotherapies were evaluated on the basis

of the signature. Moreover, the drug sensitivity of some traditional

chemotherapeutic drugs was assessed by using the “oncoPredict” R package.

In addition, the expression levels of the genes involved in the signature were

validated by using qRT-PCR in TNBC cell lines.

Results: The patients with TNBC were divided into high- and low-risk groups

according to the median risk score of the 5-NK cell-related gene signature. The

low-risk group was associated with a better clinical outcome. Besides, the

differentially expressed genes between the different risk groups were enriched

in the biological activities associated with immunity. The tumor immune cells

were found to be highly infiltrated in the low-risk groups. In accordance with the

TIDE score and immune checkpoint-related gene expression analysis, TNBC

patients in the low-risk groups were suggested to have better responses to

immunotherapies. Eventually, some classical anti-tumor drugs were shown to be

less effective in high-risk groups than in low-risk groups.
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Conclusion: The 5-NK cell-related gene signature exhibit outstanding predictive

performance and provide fresh viewpoints for evaluating the success of

immunotherapy. It will provide new insights to achieve precision and

integrated treatment for TNBC in the future.
KEYWORDS

natural killer (NK) cell, triple-negative breast cancer (TNBC), tumor microenvironment
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1 Introduction

Breast cancer (BC) is highly prevalent in females and has an

extremely high mortality rate as it invades almost all organs and has

a high potential to cause metastasis (1, 2). Triple negative breast

cancer (TNBC) is a subtype of BC characterized by the absence of

estrogen receptor, progesterone receptor and human epidermal

growth factor receptor 2 (HER2) expression (1, 3). TNBC cells

can migrate to lymph nodes and are very aggressive, which

frequently results in an early recurrence and distant metastases

(4). With the development of the tumor treatment strategies, for

instance surgery, targeted therapy, radiotherapy and chemotherapy,

the prognosis of some subtypes of BC has been improved. However,

TNBC remains at high risk of local recurrence and metastasis due to

the lack of effective therapeutic targets. Recently, amount evidence

indicated that gene detection and anti-tumor immunotherapy play

significant roles in the precision treatment of TNBC (5–7). Despite

some immune checkpoint inhibitors are suggested as promising

options for patients with TNBC, drug resistance remains a concern

that cannot be neglected. Therefore, it is highly relevant to

investigate novel biological targets and to establish a reliable

prognostic evaluation system.

The tumor microenvironment (TME) is comprised of various

stromal cell, immune cells, cytokines, and extracellular matrix

molecules (8). This complex system of cells provides a growth

environment for tumors to develop into malignant ones (9, 10). Aa

a subtype of innate immune cells, natural killer (NK) cells are

defined as CD3-CD16+CD56+ lymphocytes and make up about 5-

15% of the circulating lymphocyte count (11, 12). Accumulating

evidence suggests that NK cells in the TME play a significant role in

regulating tumor metastasis which is associated with the

immunosurveillance (13). NK cells are identified to participate in

anti-tumor immunity in the early stage of malignancies to limit the

aggressiveness of malignant tumors through killing cancer cells

directly and facilitating the adaptive T-cell immune responses (14,

15). In addition, several studies on anti-tumor immunity have

shown that T cells and NK cells together regulate tumor

progression, and that NK cells are superior to T cells in terms of

enhancing responses to chemotherapy and radiotherapy (16–18).

Besides, some previous studies have demonstrated that the higher

abundance of tumor-infiltrating NK cells is remarkably associated

with better clinical outcomes in distinct categories of malignancies

(8, 19–22). Given the vital roles of tumor-infiltrating NK cells in
02
anti-tumor immunity, the molecular features of NK cells in

malignant tumors and infectious diseases were suggested by

several published research, whereas the relationship between NK

cells and prognosis of patients with TNBC has not been elucidated

(23–25).

As bioinformatics continues to evolve, biomarkers are defined

in a variety of ways. Developments in RNA-sequencing (RNA-seq)

technology and related data analysis methods offer incredible

possibilities to identify the molecular signatures of different

immune cell groups in TME (26). Accumulating evidence

indicates that exploring the characteristics of infiltrating immune

cells based on RNA-seq expression profiles may be a promising way

to forecast the prognosis and responses to immunotherapies in

patients with malignant tumors (27, 28).

This study aimed to find a novel evaluation system for TNBC

with highly potential ability to predict the prognosis and responses

to treatment. In current study, the RNA-seq expression profile of

TNBC from The Cancer Genome Atlas (TCGA, http://

cancergenome.nih.gov/) and Gene Expression Omnibus (GEO,

https://www.ncbi.nlm.nih.gov/geo/) were analyzed to screen out

the independents prognostic genes related to NK cells.

Subsequently, a prognostic signature for TNBC based on 5 NK

cell-related genes was established. Accordingly, based on some

published results, NK cell therapy in combination with other

conventional treatments may be developed as novel effective

therapy strategies for patients with TNBC in the future.
2 Materials and methods

2.1 Public data collection

The RNA-seq expression profiles and the clinical features of

patients with TNBC were extracted from the TCGA database to be

used as the training cohort. Similarly, the corresponding

information for GSE58812 dataset was collected in the GEO

database and applied as an external validation cohort. The criteria

for inclusion in the samples were as follows: (1): samples resected

from the primary neoplasm; (2) samples with both complete

information on prognosis and transcriptomic expression data.

The criterial for exclusion from the samples were as follows: (1)

samples with clinical data incomplete; (2) sample with an overall

survival (OS) under 60 days. Consequently, a total of 145 patients
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with TNBC from TCGA and 105 patients with TNBC from GEO

database were enrolled in this study for subsequent analysis.

Besides, 244 genes related to NK cells were collected from

previous study (11) and provided in Supplemental Table 1.

Finally, 196 NK cell-associated genes that could be identified in

the TNBC samples from the TCGA dataset were included in

further studies.
2.2 Construction and validation of NK cell-
related gene signature

The NK cell-related gene signature was established based on the

RNA-seq expression profiles of training cohort. The “edge R” package

was employed to identify the differential expression genes associated

with NK cell between tumor tissues and normal breast tissues and

presented with volcano plot. The cutoff criteria for differential

expression genes (DEGs) were set as |log2fold change (FC)| > 1 and

false discovery rate (FDR)- adjusted p< 0.05. After that, the univariate

Cox regression analysis was used to select the prognosis-related genes

and the Venn diagram was drawn to identify the intersection of DEGs

and prognostic genes. Subsequently, the least absolute shrinkage and

selection operator (LASSO) Cox regression analysis was applied

to avoid over-fitting the model by reducing redundant genes

(29). Consequently, the prognostic risk model was built on the basis

of 5 prognostic DEGs associated with NK cell. The expression

levels of NK cell-related independent prognostic genes and the

corresponding coefficients were used to calculate the individual risk

score of the signature. The formula was established as follows:

Risk score =on
i=1(Expi ∗Coei) (N = 5, Expi represents the expression level

of each gene, and Coei denotes the corresponding coefficient). As a

result, the patients with TNBC in the TCGA and GEO sets were

divided into low-risk and high-risk groups respectively based on the

median risk scores. Afterwards, the survival analysis was conducted

between the different risk groups with “survminer” package in R

software. The time-dependent receiver operating characteristic

(ROC) curve was employed to evaluate the predictive accuracy of the

risk model. Subsequently, the principal component analysis (PCA) was

performed according to the signature via the “prcomp” function of the

“stats” R package. Finally, the univariate and multivariate Cox

regression analyses were employed to identify the independent

prognostic risk factors among the NK cell-related signature as well as

clinicopathological characteristics. Bilateral P<0.05 were regarded

significant, and the 95% confidence intervals were determined by

calculating the hazard ratio (HR).
2.3 Functional enrichment analysis

Gene Ontology (GO) enrichment and Kyoto Encyclopedia of

Genes and Genomes (KEGG) pathway analyses were performed on

the DEGs between different risk groups respectively in training and

validation cohorts by using “clusterProfiler” R package (30). GO

terms and KEGG pathways with P<0.05 were considered

statistically significant.
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2.4 Evaluation of tumor immune
microenvironment and immune
cell infiltration

Estimation of Stromal and Immune cells in Malignant Tumor

tissues using expression (ESTIMATE) algorithm was performed to

analyze the proportion of the immune-stromal component in TIME

by means of the “estimate” package in R software (31). Based on the

NK cell-related gene signature, the Stromal Score, Immune Score,

and ESTIMATE Score were calculated respectively in TCGA and

GEO cohorts to show the proportion of the respective compositions

in the TIME. Furthermore, the single-sample gene set enrichment

analysis (ssGSEA) was conducted to illustrate the enrichment of

gene sets related to immune function through using “GSEAbase”

R package.
2.5 Analysis of the
immunotherapy response

It has been reported that the expression levels of immune

checkpoint genes may correlate with the therapeutic efficacy of

immune checkpoint inhibitors. Accordingly, five immune

checkpoint genes were extracted from reported research (32). The

R package “GGPUBR”, “ggplot2”, and “ggExtra” were adopted to

identify the relevance of NK cell-related risk score and the

expression levels of the gens associated with immune checkpoint.

In addition, the tumor immune dysfunction and exclusion (TIDE)

algorithm (http://tide.dfci.harvard.edu/) was employed to analyze

the sensitivity to immunotherapies (anti-PD-1 and anti-CTLA-4

therapies) and visualized by TIDE score (33). P<0.05 was regarded

as statistically significant.
2.6 Analysis of drug sensitivity

The drug sensitivity analysis was conducted by using the data

from the Genomics of Drug Sensitivity in Cancer 2 (GDSC2)

database (https://www.cancerrxgene.org/) (34). The relationship

between NK cell-related risk score and the drug sensitivity was

investigated by using “oncoPredict” R package.
2.7 Cell culture and qRT-PCR

The TNBC cell line MDA-MB-231 and human breast epithelial

cell lines MCF 10A were obtained from American Type Culture

Collection (ATCC). All the cell lines were maintained in accordance

with the vendor’s recommendations. In a nutshell, Dulbecco’s

modified Eagle’s medium (DMEM; Gibco BRL, USA), which

contains high glucose, 10% fetal bovine serum (FBS; Gibco,

Grand Island, NY, USA), and 1% penicillin-streptomycin, was

used to sustain MDA-MB-231. MCF 10A cell lines were cultured

in special medium obtained from Procell (Wuhan, China; CM-

0525). The cells were put in an incubator set at 37°C and 5% CO2.
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The total RNA was isolated from cultured cells using TRIzol reagent

(Invitrogen, Carlsbad, CA, USA). Reverse transcription was

performed according to the manufacturer’s instructions (Takara,

Jiangsu, China). The expression levels of the target genes were

further examined in triplicate using the SYBR Green method

(Vazyme, Jiangsu, China). An QuantStudioTM 5 Real-Time PCR

System (Thermo Fisher, MA, USA) was employed to conduct the

data analysis. The cycle threshold (CT) (2−DDCT) approach was used

to calculate the data. For each sample, the assay was carried out in

triplicate. The expression levels were normalized to that of b-actin
with the comparative CT method. The primers involved in this

study are provided in Supplemental Table 2.
2.8 Statistical analysis

All statistical analysis were carried out through R software

(version 4.2.0) (https://www.r-project.org/). The correlation

between clinicopathological characteristics of patients with TNBC

between different risk groups was subjected to the Chi-square test.

The survival data were analyzed by Kaplan-Meier curve. The

independent prognostic risk factors were identified by univariate

and multivariate Cox regression analysis. The significant differences

between variables of different risk groups were assessed by

Wilcoxon’s test. P<0.05 was considered statistically significant. All

the approaches were conducted according to the related guidelines

and regulations.
3 Results

3.1 Identification of candidate genes
associated with NK cell

The clinicopathological characteristics of patients with TNBC

from training (TCGA) and validation (GEO) cohorts were provided

in Table 1. A total of 244 genes related with NK cell were extracted

from previous studies and presented in Supplemental Table 1, 196

of which were found in TCGA database. Subsequently, 65 DEGs

were screened out by “edgeR” package and visualized via volcano

map (Figure 1A), of which 13 were upregulated and 52 were

downregulated. After that, 19 NK cell-related genes were

identified associated with the prognosis of patients with TNBC by

using univariate Cox analysis and visualized by forest plot

(Figure 1B). The Venn diagram was drawn to identify the
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intersection of NK cell related DEGs and prognostic genes.

Consequently, 12 overlapped genes were collected for LASSO

regression analysis (Figure 1C). The LASSO coefficient profiles of

the 12 genes were presented in Figure 1D and ten-fold cross-

validation outcomes were generated to determine the best values

of the penalty parameter l (l=0.05024285) (Figure 1E). As a result,
5 candidates were selected to establish the NK cell-associated gene

signature: UL16 binding protein 2 (ULBP2), interferon gamma

(IFNG), Interleukin 12B (IL12B), Ras guanine nucleotide-

releasing protein 1 (RASGRP1) and neuroblastoma RAS (NRAS).
3.2 Establishment of NK cell-related
gene signature

The NK cell-related gene risk mode was established based on

the expression of the 5 candidate genes and the corresponding

regression coefficient, as below: risk score= (0.143× expression level

of ULBP2) + (-0.051× expression level of IFNG) + (-0.018×

expression level of IL12B) + (−0.040× expression level of

RASGRP1) + (-0.047× expression level of NRAS). According to

the risk model, patient with TNBC from TCGA and GEO cohorts

were separated into high- and low-risk groups on the basis of the

respective median value of risk score.

In the training cohorts, patients with TNBC were divided into

high-risk and low-risk groups and the patients in low-risk group

were revealed with better prognostic outcomes (Figures 2A, B).

Besides, as shown in Figure 2C, the Kaplan-Meier curves indicated

that patients with TNBC in low-risk group were presented better

over survival (OS) than those in high-risk group (P<0.05).

Subsequently, a time-dependent ROC analysis was performed at

3, 5 and 7 years to demonstrate that the prognostic signature was

robust efficient to forecast the clinical outcomes of patients with

TNBC by the area under the curve (AUC) (AUC= 0.841, 0.822, and

0.801 at 3, 5, and 7 years, respectively, Figure 2D). In addition, the

result of the PCA suggested that the patients with TNBC were

classified in the opposed directions in accordance with the different

risk groups (Figure 2E).

Similarly, the low-risk group of validation cohort was indicated

with better prognosis (Figures 3A, B) and the better survival rates

were shown in the patients with lower risk score by the Kaplan-

Meier curves (Figure 3C). Furthermore, the time-dependent ROC

analysis was performed on the GEO cohort to validate the excellent

predictive ability of the NK cell-associated gene risk model (AUC=

0.662, 0.621 and 0.630 at 3, 5 and 7 years, respectively, Figure 3D).
TABLE 1 The clinicopathological characteristics of the training and validation cohorts.

TCGA(n=145) GEO(n=105)

risk

Survival Age T N M Survival Age

Alive Dead <=60 >60 1-2 3-4 0-1 2-3 0 1-x Alive Dead <=60 >60

High 59 13 52 20 62 10 58 14 63 9 52 27 48 31

Low 68 5 46 27 69 4 67 6 63 10 24 2 15 11

P 0.073 0.314 0.152 0.086 1 0.018 0.963
frontier
sin.org

https://www.r-project.org/
https://doi.org/10.3389/fimmu.2023.1200282
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Liu et al. 10.3389/fimmu.2023.1200282
The outcome of PCA in validation cohort was consistent with that

in the training cohort (Figure 3E).

Additionally, for the purpose of identifying the independent

prognostic risk factors of patients with TNBC, the univariate and

multivariate Cox regression analysis were performed on the training

cohort. The results of univariate Cox regression analysis indicated that

the tumor size (T), lymph node statue (N), tumor stage (Stage) and NK

cell-associated risk score (risk score) were prognosis-related risk factors

(P=0.011, HR=3.116, 95% CI=1.301-7.462; P<0.001, HR=4.249, 95%

CI=2.473-7.300; P<0.001, HR=4.809, 95% CI=2.488-9.295 and

P<0.001, HR=25.226, 95% CI=4.607-138.131; Supplemental

Figure 1A). As shown in the multivariate Cox regression analysis, the

N and risk score were independent prognostic risk factors (P=0.011,

HR=2.962, 95% CI=1.284-6.834; P=0.002, HR=22.092, 95% CI=3.224-

151.410; Supplemental Figure 1B).
3.3 GO and KEGG enrichment analysis

The GO and KEGG analysis were performed on the

differentially expressed genes between the low- and high-risk
Frontiers in Immunology 05
groups to further identify the biological functions and signaling

pathways associated with NK cell-related gene signature.

Consequently, the top 30 GO terms of TCGA and GEO cohorts

were respectively presented in Figures 4A, B, including molecular

function (MF), cellular component (CC) and biological process

(BP). Additionally, the 24 enriched KEGG pathways of TCGA

cohort and 30 ones of GEO cohort were manifested in

Figures 4C, D, respectively. Among these, most GO terms and

KEGG pathways were associated with innate immunity and

adaptive immunity.
3.4 The relationship between NK
cell-related gene signature and
ESTIMATE score

The ESTIMATE algorithm was adopted to calculate the

ESTIMATE score for each patient to indicate the overall extent of

immune infiltration. Both in the training and validation cohorts, the

Immune score and ESTIMATE score were shown higher in the low-

risk groups instead of high-risk groups (P<0.05, Figure 5). Hence,
B C

D E

A

FIGURE 1

Identification of candidate genes to establish the NK cell-related gene signature. (A) The volcano map of differential expression genes related to NK
cell in TCGA cohort. The upregulated genes are shown by red spots and the downregulated ones are shown by green spots. (B) The forest plot of 19
prognostic genes in patients with TNBC (HR>1 is marked by red and HR<1 is marked by blue). (C) The Venn diagram to show the intersection of
DEGs related to NK cell and the prognostic genes in patients with TNBC. (D) LASSO coefficient profiles of 12 prognostic genes related to NK cell
with P<0.01. (E) The outcomes of ten-fold cross-validation indicated the optimal value of the penalty parameter l (l=0.05024285). Five independent
prognostic genes related to NK cell were selected to construct the risk model.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1200282
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Liu et al. 10.3389/fimmu.2023.1200282
the higher value of ESTIMATE scores could be relevant to a better

prognostic outcome.
3.5 The relevance of tumor immune
microenvironment and NK cell-related
risk score

The results of functional enrichment analysis suggested that the

NE cell-associated risk score was correlated with the immune

responses and immune cell activities. Accordingly, the difference

of immune characteristic was investigated between low-risk and

high-risk by ssGSEA. As shown in Figures 6A, B, both in the TCGA

and GEO cohorts, the infiltrating levels of aDCs, B cells, CD8+ T

cells, DCs, macrophages, neutrophils, NK cells, pDCs, T helper

cells, Tfh, Th1 cells, Th2 cells, TIL and Tregs were significantly

reduced with the increased value of risk score (P<0.05). However,

some immune signatures were identified significantly activated in

the low-risk groups, including APC co-inhibition, APC co-

stimulation, CCR, checkpoint, cytolytic activity, MHC-class I,

para-inflammation, T cell co-inhibition, T cell co-stimulation, and

IFN response type I (P<0.05, Figures 6C, D).
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3.6 The prediction of the response to
immunotherapies

Amount evidence suggested that genes related to the immune

checkpoint played an important role in the immunotherapies. The

expression levels of five immune checkpoint genes, PD1, PD-L1

(CD274), CTLA4, LAG3 and TIGIT were analyzed to further confirm

the relevance of NK cell-related risk score and immune checkpoint

blockade. As a result, the expression levels of the five genes were

remarkably higher in the low-risk groups than those in the high-risk

groups in training and validation cohorts (Figure 7, P<0.05). In

addition, the TIDE algorithm was applied to assess the ability of the

NK cell-related risk model to predict the efficacy of immunotherapies

(anti-PD-1 and anti-CTLA-4 therapies). The results revealed that the

TIDE scores were higher in the high-risk groups than in the low-risk

groups in both the training and validation sets (Figures 8A, B, P<0.05).
3.7 The relationship between the NK cell-
related risk score and drug sensitivity

The association between NK cell-related risk score and half

maximal inhibitory concentration (IC50) of some anticancer drugs
B

C D E

A

FIGURE 2

Prognostic analysis of the 5-NK cell-related gene risk model in training cohort. (A) The distribution and median value of the risk score in TCGA
cohort (n=145). (B) The correlation of survival time and risk scores in TCGA cohort. (C) Kaplan–Meier survival curves of TCGA cohort suggested that
the OS of the high-risk group are lower than that of the low-risk group (P=3.652E−04). (D) The ROC curves to assess the accuracy of the risk model
in predicting the clinical outcomes of patients with TNBC at 3, 5 and 7 years in TCGA cohort. (E) The scatter diagram to show the results of PCA of
patients with TNBC in TCGA cohort.
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was calculated by “oncoPredict” package in R software. As shown in

Figures 8C, D, the commonly used anti-tumor drugs of TNBC in

clinical practice including Cisplatin, Cyclophosphamide, Docetaxel,

and Epirubicin were all less effective in high-risk groups in both

TCGA and GEO cohorts.
3.8 The mRNA expression levels of genes
involved in the prognostic signature

The results of RT-qPCR assay showed that the mRNA

expression level of 5 NK cell-related genes involved in our

prognostic risk model (ULBP2, IFNG, IL12B, RASGRP1 and

NRAS) in TNBC cell and normal mammary cell. In detail, the

mRNAs of NRAS and IL12B were upregulated, while ULBP2, IFNG

and RASGRP1 were significantly downregulated in MDA-MB-231

compared with that in MCF10A (Figure 9).
4 Discussion

BC has been classified into numerous subtypes due to its

molecular specificity and presents significant heterogeneity in

biological behavior and response to therapies (35). Recently, an
Frontiers in Immunology 07
increasing number of cancer treatments have been applied to

clinical practice, including immunotherapies (5, 36–39). However,

TNBC still exhibits poor prognosis because of early distant

metastases as well as drug resistance. With the concept of

precision medicine, individualized management of TNBC has

received widespread attention. The assessment of the prognosis of

TNBC is somewhat limited by using risk factors tumor size, lymph

node and histological grading alone. Hence, it is urgent to establish

a more accurate and comprehensive model for prognosis and

efficacy prediction.

NK cells are a crucial component of the innate immune system

and serve an important role in the anti-tumor activities and cancer

immunosurveillance (5, 40). It was reported that some tumor target

cells could be lysed by NK cells directly. Besides, some previous

studies indicated that the elimination of NK cells could lead to

increased occurrences of malignant tumors (5, 41, 42). In addition,

NK cells can also enhance the immunological responses of adaptive

T-cells to participate in the anti-tumor activities (43, 44). Imai K

and colleagues found that the risk of malignant tumor was increased

with the reduction of NK cell activity in the peripheral blood (18).

Besides, amounting evidence indicated that higher rates of NK cells

in TME were associated with the better clinical outcomes of

different malignancies including melanoma (21), gastric cancer

(GC) (20), squamous cell lung cancer (SCLC) (45), colorectal
B

C D E

A

FIGURE 3

Prognostic analysis of the 5-NK cell-related gene risk model in external validation cohort. (A) The distribution of the risk score in GEO cohort
(n=105). (B) The correlation of survival time and risk scores in GEO cohort. (C) Kaplan–Meier survival curves of GEO cohort suggested that the OS of
the high-risk group are lower than that of the low-risk group (P=1.177E−02). (D) The ROC curves to validate the accuracy of the risk model in
predicting the clinical outcomes of patients with TNBC. (E) The results of PCA in GEO cohort.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1200282
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Liu et al. 10.3389/fimmu.2023.1200282
carcinoma (40) and head and neck squamous cell carcinoma (11).

Given the roles of NK cells in shaping anti-tumor immunity, Hao

Jin et al. found that NK cells in the TME inhibit TNBC cell invasion

through downregulation of urokinase−type plasminogen activator

(1). Some previous studies showed that NK cells play important

roles in controlling cancer progression and their related genes are

gaining attention (46, 47). However, the molecular mechanisms of

NK cells in anti-tumor activities are still not elucidated. An NK cell-

based comprehensive assessment system to predict the prognosis
Frontiers in Immunology 08
and treatment efficacy of TNBC has not been developed and applied

to clinical practice.

In current study, five NK cell-related prognostic genes were

identified to establish the NK cell-related risk model. The 5

prognostic genes associated with NK cells were composed of

ULBP2, IFNG, IL12B, RASGRP1 and NRAS. Recently, ULBP2 has

attracted the attention of numerous oncology researchers. Jingyue

Fu et al. found that the downregulation of ULBP2 suppressed the

proliferation of BC cell, which correlated with the prognosis of
B

C D

A

FIGURE 4

The representative results of GO and KEGG enrichment analysis. (A, B) The representative GO terms enrichment in the DEGs among different risk
groups in the TCGA (A) and GEO (B) cohorts. (C, D) The representative KEGG pathways enriched in the DEGs between the high-risk and low risk
groups of TCGA (C) and GEO (D) cohorts.
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patients with BC (48). As for IFNG, in the background of malignant

tumors, IFNG has been regarded as a central player in anti-tumor

immunity (49). Accumulating evidence indicated that reduced pH

values and lactate accumulation in TME can downregulate IFNG

expression by NK cells (50). IFNG has been reported as a player in

BC pathogenesis and is relevant to BC immunotherapy.

Interestingly, some researchers found that the single nucleotide

polymorphism in the IL12B is associated with the progression of BC

(51). Many studies have shown that RASGRP1 played an important

role in the development of various cancers including BC, squamous

cell carcinoma, colorectal cancer, hepatocellular carcinoma, as well

as lymphoma and leukemia (52). For decades, researchers have

worked on the role of RAS genes in tumor progression. Studies have

shown the major role of RAS oncogenes in the primary tumor

initiation of many types of cancer (53). Numerous studies over the

past few years have demonstrated that the involvement of the RAS

mutation may be an obligatory oncogenic alteration downstream of

BC progression, metastatic spread, and treatment resistance

(54, 55).

One of the key characteristics of TNBC, however, is the

significant heterogeneity of tumor cells, which makes it difficult to

identify particular biomarkers and develop focused treatments for

the condition. Hence, TME and tumor heterogeneity should both be

taken into account in an “ideal” tumor prognostic prediction model.

A fuller understanding of immune infiltration in TME is necessary

to clarify its underlying molecular mechanisms and give innovative

immunotherapeutic approaches to enhance clinical outcomes

because immune cells constitute the cellular basis of
Frontiers in Immunology 09
immunotherapy (56). The results of our study indicated that the

low-risk group had a significant infiltration of NK and DC cells,

which improved the outlook for TNBC patients. Notably, it has

been demonstrated that NK cells that are stimulated by TNBC cells

which have been opsonized with cetuximab encourage DC

maturation, tumor material absorption, and IL-12 production.

Moreover, the immunostimulatory cytokine IL-15 accelerated DC

maturation and NK cell activation (57). Hence, by further

stimulating NK and DC cells, cetuximab usage in the low-risk

group may have an unanticipated therapeutic benefit. In addition,

some previous studies revealed that the tumor-infiltrating

lymphocyte levels within the TME of TNBC is associated with the

prognosis and response to chemotherapy. With the administration

of immune-stimulating chemotherapy drugs like anthracyclines,

patients with TNBC had better prognoses when their tumor-

infiltrating immune cell numbers were higher (58). In current

study, patients in the low-risk groups were indicated with higher

tumor-infiltrating lymphocyte levels and shown a better

prognostic outcome.

One of the essential components of TME is immune

checkpoints. The immunological checkpoint protein PD-L1,

which is expressed on the surface of tumor cells and immune

cells that have infiltrated tumors, is one of them and inhibits T-cell

activity (11, 59). The high expression in the low-risk population

may indicate that cancer cells in low-risk patients rely on the PD-1/

PD-L1 signaling pathway to elude immune surveillance, whereas

patients in the risk population who have PD-1 monoclonal

antibodies may fare better (11). Besides, according to the results
B C

D E F

A

FIGURE 5

The Stromal scores, Immune scores, and ESTIMATE scores of high-risk groups and low-risk groups in TCGA (n=145) (A–C) and GEO (n=105) (D–F) cohorts.
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of our study, the expression levels of PD-1, CTLA4, LAG3 and TIM3

were higher in the low-risk groups. Furthermore, these traditional

checkpoint receptors are expressed on NK cells (56, 60, 61). This

not only, through antibody-dependent cellular cytotoxicity activity

(ADCC), NK cells have the ability to increase the therapeutic

efficacy of anti-PD-L1 monoclonal antibodies and boost the

anticancer responses against tumors with high levels of PD-L1,

making this a successful tactic to overcome resistance (56). The

TNBC in the low-risk groups were identified with higher infiltrating

rates of NK cells, which could be regarded as NK cell infiltrating

“hot”, whereas the high-risk groups were considered as NK cell

infiltrating “cold”. In Combination the result of TIDE, TNBC

patients in the NK cell-related low-risk group may response

better to immunotherapy. Consequently, immunological

checkpoints with increased expression may respond better to

targeted therapy.

Chemotherapy is one of the most classic treatments for TNBC,

especially for advanced tumors. Cisplatin and paclitaxel were

usually used to treat the patients with advanced TNBC (62, 63).

However, TNBC still has a high mortality rate because of its drug

resistance and susceptibility to early metastasis. A significant

proportion of TNBC patients do not benefit from cisplatin and
Frontiers in Immunology 10
paclitaxel. Notably, the indication for neoadjuvant chemotherapy

has been expanded to include TNBC patients in early-stage because

it has been discovered that this therapy has greater efficacy in

patients without metastases. Docetaxel in combination with

adriamycin and cyclophosphamide is one of the common

neoadjuvant chemotherapy regimens available today (64).

According to some previous studies, TNBC patients who received

carboplatin and paclitaxel experienced a (pathologic complete

remission) PCR rate of 45% (65). However, a PCR rate of 55%

was achieved in the individuals who underwent treatment with

docetaxel and carboplatin (66). Accumulating evidence indicates

significant individual differences in the response of TNBC patients

to different chemotherapeutic agents. These individual differences

may be associated with the TME. In current study, the IC50 of some

traditional chemotherapies were lower in the low-risk groups.

Hence, based on the NK cell-related gene profile, we believe that

TNBC patients with reduced risk may have improved susceptibility

to chemotherapeutic treatments.

There are various risk models constructed by multiple genes to

predict the prognosis of TNBC. Compared with these previous

published works (67–72), the 5-NK-cell-related gene signature has

the main advantages of having a lower number of genetic
B

C D

A

FIGURE 6

IThe differences of TIME features between different risk groups. (A, B) The characteristics of infiltrating immune cell subsets and levels between low-
risk and high-risk groups in TCGA (A) and GEO (B) cohorts. (C, D) The distinguishing of enrichment of immune-associated signatures among
different risk groups in TCGA (C) and GEO (D) cohorts (*** indicates P<0.001, ** indicates P<0.01, * indicates P<0.05), "ns" indicates no significance.
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FIGURE 7

The expression levels of immune checkpoint related genes in different risk groups. The expression levels of PD-1, CD274, CTLA4, LAG3 and TIGIT in
high-risk and low-risk groups of TCGA (n=145) (A–E) and GEO (n=105) (F-J) cohorts (p< 0.05).
B

C D

A

FIGURE 8

IThe NK cell-related gene signature as a predictor for the response to immunotherapies and chemotherapies. (A, B) The difference of TIDE score
between high-risk and low-risk groups in TCGA (n=145) (A) and GEO (n=105) (B) cohorts. (C, D) The IC50 value of 5 FDA-approved
chemotherapeutics in high-risk and low-risk groups of TCGA (C) and GEO (D) cohorts. ***indicates P<0.001,**indicates P<0.01.
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components and a higher ROC (Supplemental Table 3). Compared

to Cheng Yan’s, Xia Yang’s, and Pei Li’s risk models, ours has a

higher 5-year AUC. As for those models with a 5-year AUC above

0.8, our signature has a smaller and more appropriate number of

genes, avoiding overfitting of the model. In addition, this NK-cell-

related gene signature has the potential to predict the responses to

immunotherapies and the drug sensit ivi t ies of some

chemotherapies. This is the greatest advantage of our model,

namely that it can be used to guide treatment in clinical practice.

Admittedly, further validation of the model’s predictive power in a

clinical cohort would make our results more convincing.

Our study still has several limitations, despite the fact that it has

more clinical significance for the prognostic evaluation and choice

of therapy options for TNBC patients. On the one hand, since our

work is only conducted by using bioinformatics and PCR validation

in cell lines, it has to be verified in subsequent prospective

investigations and animal experiments. On the other hand, the

study included a limited sample size of TNBC, making the results

potentially biased. In addition to this, due to the lack of data on

mRNA expression profiles for immunotherapy in TNBC patients,

we can only indirectly derive the potential of this risk model to

predict immunotherapy response. Consequently, further validation

of the signature through clinical cohort studies will be key to

applying the model to clinical practice in the future.
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SUPPLEMENTARY FIGURE 1

The results of univariate and multivariate Cox regression analysis regarding

survival-related clinical characteristic parameters in training cohort. (A) The
forest plot for univariate Cox regression analysis shows that the tumor size,
lymph node statue, tumor stage and NK cell-related risk score were

prognostic risk-associated variables. (B) The forest plot for multivariate Cox
regression analysis shows that lymph node statue and NK cell-related risk

score were independent prognostic risk factors.
FIGURE 9

The mRNA expression of NK cell-related genes in MDA-MB-231 cell line (right, orange) and MCF10A (left, green). ∗∗P< 0.01, and ∗∗∗P< 0.001 (For
each experiment, a minimum of three samples were tested. For each sample, tests were carried out in triplicate).
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et al. Pathological response in a triple-negative breast cancer cohort treated with
neoadjuvant carboplatin and docetaxel according to lehmann's refined classification.
Clin Cancer Res (2018) 24(8):1845–52. doi: 10.1158/1078-0432.ccr-17-1912

67. Yan C, Liu Q, Jia R. Construction and validation of a prognostic risk model for
triple-negative breast cancer based on autophagy-related genes. Front Oncol (2022)
12:829045. doi: 10.3389/fonc.2022.829045

68. Xie J, Zou Y, Ye F, Zhao W, Xie X, Ou X, et al. A novel platelet-related gene
signature for predicting the prognosis of triple-negative breast cancer. Front Cell Dev
Biol (2021) 9:795600. doi: 10.3389/fcell.2021.795600

69. Zhang H, Zhang X, Wang X, Sun H, Hou C, Yu Y, et al. Comprehensive analysis
of trp channel-related genes in patients with triple-negative breast cancer for guiding
prognostic prediction. Front Oncol (2022) 12:941283. doi: 10.3389/fonc.2022.941283

70. Wu S, Pan R, Lu J, Wu X, Xie J, Tang H, et al. Development and verification of a
prognostic ferroptosis-related gene model in triple-negative breast cancer. Front Oncol
(2022) 12:896927. doi: 10.3389/fonc.2022.896927

71. Yang X, Weng X, Yang Y, Zhang M, Xiu Y, Peng W, et al. A combined hypoxia and
immune gene signature for predicting survival and risk stratification in triple-negative breast
cancer. Aging (Milano) (2021) 13(15):19486–509. doi: 10.18632/aging.203360

72. Li P, Yang B, Xiu B, Chi Y, Xue J, Wu J. Development and validation of a robust
ferroptosis-related gene panel for breast cancer disease-specific survival. Front Cell Dev
Biol (2021) 9:709180. doi: 10.3389/fcell.2021.709180
frontiersin.org

https://doi.org/10.1089/jir.2018.0087
https://doi.org/10.1002/cam4.1700
https://doi.org/10.1111/j.1365-3083.2012.02736.x
https://doi.org/10.3390/ijms24021652
https://doi.org/10.1007/s00432-022-04377-4
https://doi.org/10.3389/fonc.2019.01199
https://doi.org/10.1177/1533033818809997
https://doi.org/10.3390/molecules25235686
https://doi.org/10.3390/cells9071573
https://doi.org/10.3390/cells9071573
https://doi.org/10.5306/wjco.v11.i7.464
https://doi.org/10.1007/s10637-016-0371-6
https://doi.org/10.1016/j.jaut.2020.102504
https://doi.org/10.1172/jci133353
https://doi.org/10.1200/jco.2012.46.2408
https://doi.org/10.1093/annonc/mdw316
https://doi.org/10.3390/cancers11081137
https://doi.org/10.1016/s1470-2045(18)30111-6
https://doi.org/10.1016/s1470-2045(18)30111-6
https://doi.org/10.1158/1078-0432.ccr-17-1912
https://doi.org/10.3389/fonc.2022.829045
https://doi.org/10.3389/fcell.2021.795600
https://doi.org/10.3389/fonc.2022.941283
https://doi.org/10.3389/fonc.2022.896927
https://doi.org/10.18632/aging.203360
https://doi.org/10.3389/fcell.2021.709180
https://doi.org/10.3389/fimmu.2023.1200282
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Natural killer cell-related prognostic risk model predicts prognosis and treatment outcomes in triple-negative breast cancer
	1 Introduction
	2 Materials and methods
	2.1 Public data collection
	2.2 Construction and validation of NK cell-related gene signature
	2.3 Functional enrichment analysis
	2.4 Evaluation of tumor immune microenvironment and immune cell infiltration
	2.5 Analysis of the immunotherapy response
	2.6 Analysis of drug sensitivity
	2.7 Cell culture and qRT-PCR
	2.8 Statistical analysis

	3 Results
	3.1 Identification of candidate genes associated with NK cell
	3.2 Establishment of NK cell-related gene signature
	3.3 GO and KEGG enrichment analysis
	3.4 The relationship between NK cell-related gene signature and ESTIMATE score
	3.5 The relevance of tumor immune microenvironment and NK cell-related risk score
	3.6 The prediction of the response to immunotherapies
	3.7 The relationship between the NK cell-related risk score and drug sensitivity
	3.8 The mRNA expression levels of genes involved in the prognostic signature

	4 Discussion
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


