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Background: In the absence of targeted therapy or clear clinically relevant biomarkers,
neoadjuvant chemotherapy (NAC) is still the standard neoadjuvant systemic therapy for
breast cancer. Among the many biomarkers predicting the efficacy of NAC, immune-
related biomarkers, such as immune-related genes and tumor-infiltrating lymphocytes
(TILs), play a key role.

Methods: We analyzed gene expression from several datasets in the Gene Expression
Omnibus (GEO) database and evaluated the relative proportion of immune cells using the
CIBERSORT method. In addition, mIHC/IF detection was performed on clinical surgical
specimens of triple-negative breast cancer patients after NAC.

Results: We obtained seven immune-related genes, namely, CXCL1, CXCL9, CXCL10,
CXCL11, IDO1, IFNG, and ORM1 with higher expression in the pathological complete
response (pCR) group than in the non-pCR group. In the pCR group, the levels of M1 and
γδT macrophages were higher, while those of the M2 macrophages and mast cells were
lower. After NAC, the proportions of M1, γδT cells, and resting CD4 memory T cells were
increased, while the proportions of natural killer cells and dendritic cells were decreased
with downregulated immune-related genes. The results of mIHC/IF detection and the
prognostic information of corresponding clinical surgical specimens showed the
correlation of proportions of natural killer cells, CD8-positive T cells, and macrophages
with different disease-free survival outcomes.

Conclusion: The immune-related genes and immune cells of different subtypes in the
tumor microenvironment are correlated with the response to NAC in breast cancer, and the
interaction between TILs and NAC highlights the significance of combining NAC with
immunotherapy to achieve better clinical benefits.
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INTRODUCTION

Neoadjuvant systemic therapy (NST) has become one of the
major preoperative treatments for all subtypes of breast cancer
(BC) over the past decade (Steenbruggen et al., 2017). Although
chemotherapy in combination with other treatments is currently
the preferred approach in NST, neoadjuvant chemotherapy
(NAC) remains the standard NST in the absence of targeted
therapy or clear clinically relevant biomarkers (Lebert et al.,
2018). The therapeutic effect of NST in early BC can be
reflected by some indicators, such as pathological response
rate and disease-free survival (DFS) (Kong et al., 2011; Vaidya
et al., 2018).

No specific methods have been established to predict the
treatment response of patients receiving NAC; therefore, many
predictors have been proposed to predict the prognosis of BC
patients and select appropriate treatment strategies (Xu et al.,
2020). In addition, multi-omics analysis has become a burgeoning
approach to identify solid tumors for different molecular
characteristics and clinical outcomes in recent years (Su et al.,
2020). Among many predictors of whether patients achieve
pathological complete response (pCR) and DFS benefit,
tumor-infiltrating lymphocytes (TILs) and immune-related
genes play a key role (Chica-Parrado et al., 2020), which is not
only related to the crucial role of the tumor immune
microenvironment (TIME) in the antitumor process but also
related to the modulatory effect of chemotherapy on the TIME in
NAC. The role of the TIME in the antitumor process can be
determined by the correlation between the TIME and NAC
response, whereas the modulation effect of chemotherapy on
the TIME can be interpreted from the changes in the TIME before
and after NAC.

Several researchers have made an effort to predict the NAC
response by immune-related genes and obtained a prediction
model with several genes as the core (Pérez-Pena et al., 2019). In
addition, the changes in immune-related genes before and after
NAC have also been summarized (Di Cosimo et al., 2019), but
there is still no acknowledged NAC response–related immune
gene set in BC. In terms of the TIME, TILs have been widely
recognized as a crucial biomarker for predicting the efficacy of
NAC in BC for a long time, which has been highlighted by a few
pooled analyses, especially in triple-negative breast cancer
(TNBC) (Loi et al., 2019; Park et al., 2019). In addition,
changes in TILs before and after NAC are related to the
therapeutic effects and relatively long-term prognosis in
addition to pCR rate (such as DFS) of BC patients (Hamy
et al., 2019; Herrero-Vicent et al., 2019). The relationships of
various immune cell subtypes in TILs with the prognosis of NAC
and its changes are serious and controversial topics of research
(Kim et al., 2020).

In the present study, several datasets were used to analyze the
role of immune-related genes and TILs in the therapeutic effect
after NAC and their changes before and after NAC, which will
identify several immune-related genes and corresponding
immune cells related to the NAC response. In addition, we
also used the clinical surgical specimens of BC patients after
NAC to obtain the differences in the proportion of several types

of immune cells to verify the correlation between different
subtypes of TILs and prognosis.

MATERIALS AND METHODS

Gene Expression and Clinical Data
High-throughput sequencing gene expression data (Illumina
HiSeq 2500 format) from the GSE123845 dataset and
microarray gene expression data (Affymetrix U133 Plus 2.0
gene expression array format) from four datasets (GSE32646,
GSE31519, GSE32072, and GSE18728) were obtained from the
National Centre for Biotechnology Information (NCBI) in the
Gene Expression Omnibus (GEO) database. The GSE123845,
GSE32646, and GSE31519 datasets were used to investigate the
relationship between immune gene expression and response in
patients who received NAC, while the GSE32072 and GSE18728
datasets were used to compare the changes in immune genes and
immune infiltration before and after NAC. Detailed information
about the datasets is available in Supplementary Table S1. Gene
expression levels (mRNA expression z score from RNA-
sequence) of 1097 BC patients from The Cancer Genome
Atlas (TCGA) genomic cancer data were used to explore the
relationship of seven differentially expressed genes (DEGs) with
immune cell fractions.

Formalin-fixed paraffin-embedded (FFPE) tissue sections
(4 µm thick) from six nonmetastatic TNBC patients admitted
to the Department of Medical Oncology, The First Affiliated
Hospital of Xi’an Jiaotong University during 2016–2020 were
utilized in this study to verify the correlation between the immune
cell proportion in TILs and the prognosis of TNBC patients who
received NAC. DFS was defined as the time from surgery to the
occurrence of the first metastasis, and the detailed clinical
information, grouping, and treatment of patients are described
in Table1.

Identification of DEGs, Gene Ontology , and
Kyoto Encyclopedia of Genes and Genomes
Pathway Enrichment Analysis of DEGs
DEGs were extracted and analyzed using the Limma, Impute, and
EdgeR packages in R (Ritchie et al., 2015; McDermaid et al.,
2019). DEGs were defined as p < 0.05 and log of fold change
(logFC) > 1 or logFC ≤ −1. In the GSE123845 and GSE32646
datasets, the pCR groups were set as the control groups, and the
non-pCR groups were set as the experimental groups. In the
GSE32072 and GSE18728 datasets, the pre-NAC groups were set
as the control groups, and the post-NAC groups were set as the
experimental groups. Gene Ontology (GO) analysis refers to the
high-throughput annotation of biological functions (BP), cellular
components (CC), and molecular function (MF) of all genes in
the genome by using bioinformatics methods and tools. The
Kyoto Encyclopedia of Genes and Genomes (KEGG) (https://
www.kegg.jp/) (Kanehisa et al., 2017) is a database that provides
gene and genome functional significance at the molecular and
pathway levels. The DOSE, ClusterProfiler, Org.Hs.eg.db, and
Enrichplot packages in R (Yu et al., 2012; Yu et al., 2015; Pu et al.,
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2021) were used for the GO and KEGG pathway enrichment
analyses of DEGs.

Gene Set Enrichment Analyses
GSEA was performed to compare the gene expression among
hallmark gene sets of pCR and non-pCR patients using GSEA
version 4.1.0 provided by the Broad Institute (http://software.
broadinstitute.org/gsea/index.jsp) (Subramanian et al., 2005).
KEGG pathway enrichment analysis was performed using gene
sets from the Broad Institute (http://ftp.broadinstitute.org://pub/
gsea/gene_sets/c2.cp.kegg.v6.2.symbols.gmt). In GSEA, the
significance of each pathway was classified by a threshold of
false discovery rate (FDR) q-value <0.05.

Protein–Protein Interaction Network
Construction and Network Core Genes
Extraction
To explore interactions, including gene neighborhood, fusion,
and co-occurrence of DEGs, Search Tool for the Retrieval of
Interacting Genes/Proteins (STRING) version 11.0 (Szklarczyk
et al., 2019) was used by inputting the gene names of the DEGs
and exporting the results with a minimum required interaction
score of 0.7 as the PPI network. Genes with a number of adjacent
nodes ≥7 were identified as network core genes.

CIBERSORT Deconvolution Algorithm
The CIBERSORT deconvolution algorithm was used to estimate
the fraction of 22 immune cell types in each tumor tissue to
evaluate intratumor immune cell composition (Newman et al.,
2015). These 22 cell fractions were calculated via the online
calculator (https://cibersort.stanford.edu/) as previously
reported (Takeshita et al., 2019). The fraction of 22 immune
cell types estimated from each sample was filtered by p value < 0.
05 to obtain more accurate prediction results.

Survival Analysis
For plotting Kaplan–Meier (K-M) curves of GSE31519 grouping
samples based on the proportion of different immune cells,
GraphPad Prism 8.0.0 for Windows (GraphPad Software Inc.,
San Diego, California, USA) was used, and the log-rank test was

used to assess the significance of event-free survival (EFS)
differences.

Multiplex Immunohistochemistry/
Immunofluorescence Protocol and the
Preparation of Fractions of Different
Immune Cells and Tumor Cells
To identify tumor cells and different subsets of immune cells in the
TIME, immunofluorescence staining was performed using the Pano
7-Plex IHC kit (Cat. No. 0004100100; Panovue, Beijing, China),
according to previously published methods (Taube et al., 2020;
Yeong et al., 2020). In brief, slides were incubated with different
primary antibodies (CD56, CD8, CD68, HLA-DR, and PanCK)
followed by incubation with horseradish peroxidase–conjugated
secondary antibodies and tyramine signal amplification. The
slides were treated with microwave heat treatment after each
TSA (PerkinElmer, Waltham, Massachusetts, US) operation.
After all human antigens were labeled, the nuclei were stained
with 4′-6′-diamidino-2-phenylindole (DAPI, Sigma–Aldrich). To
obtain amultispectral image, the colored slides were scanned using a
Mantra system (PerkinElmer, Waltham, Massachusetts, US), which
captured fluorescence spectra at 20-nm wavelength intervals from
420 to 720 nm at the same exposure time and combined them into a
single stack image.

The autofluorescence spectra of tissues and each luciferin were
extracted from unstained and single-stained section images. The
extracted images were further used to establish the spectral library
required for multispectral decomposition through inForm image
analysis software (PerkinElmer, US). Using this spectral library,
we obtained reconstructed images without self-fluorescence. The
fluorescence score (Hscore value) of each antigen stain and the
fractions of different immune cells and tumor cells in the TIME
were also obtained using the software.

Statistical Analysis
The statistical analyses of the data from the various datasets were
performed using R software (http:///www.r-project.org/) and
Bioconductor (http://bioconductor.org/) (Sepulveda, 2020). For
differential gene analysis between groups, the Wilcoxon test was
conducted using R software. To explore the association of 21

TABLE 1 | Detailed clinical information of six patients.

Sample
No.

Age Histological Ki-
67
(%)

T
stage

N
stage

NAC
regimen

DFS
(month)

Metastatic
sites

1 35 Right breast nonspecific type of invasive cancer grade III
flap intravascular cancer thromboembolus (MP2)

40 T2 N3 TECp2-NPp2 5 Brain

2 46 Left breast invasive carcinoma (MP3) 40 T4d N3 TACp3 5 Chest wall
3 60 Right breast nonspecific invasive ductal carcinoma (MP2) 80 T4a N2 TEp2—NPp5 7 Liver
4 44 Right breast nonspecific invasive ductal carcinoma grade

III(MP2)
80 T2 N1 TEp6 23 Liver

5 38 Left breast nonspecific type of invasive cancer grade III 90 T3 Nx TECp3 13 Lung
6 52 Right breast nonspecific type of invasive cancer grade

II(MP2)
50 T2 N1 EC-Tp8 14 Multiple metastases (lymph

nodes, two lungs, and bone)

TEC, docetaxel, epirubici, and cyclophosphamide; NP, vinorelbine and cisplatin/carboplatin; TAC, docetaxel, doxorubicin, and cyclophosphamide; TE, docetaxel and epirubici; EC-T,
epirubici/cyclophosphamide followed by paclitaxel.
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immune cell subtypes between the control groups and
experimental groups, the Wilcoxon test was used using R
software. A heatmap was produced with the pheatmap
package in R (Pu et al., 2021). The nonparametric

independent sample t-test was used to examine the difference
in the fraction of cells between the long-DFS and short-DFS
groups. All p values were bilateral, and a p value of <0.05 was
considered statistically significant.

FIGURE 1 | Response of BC patients to NAC is related to immune-related genes and pathways. (A) Genetic clustering analysis of the heatmap showed DEGs (p
value < 0.05, logFC >1 or logFC < −1) with the fold change TOP20 from dataset GSE32646. The redder points in the heatmap indicate the higher expression of the gene
in the corresponding sample, while the green points indicate the lower expression. (B) Volcanic diagram of gene expression from the dataset GSE32646. All genes are in
the diagram, the red dots represent logFC >1 and p value < 0.05 DEGs; the blue dots represent logFC < −1 and p value < 0.05 DEGs; the rest were gray points with
no statistical significance. (C) PPI results obtained from DEGs of dataset GSE32646. Each node represents a gene and the line between the circle nodes represents the
interaction between the two proteins. (D)Number of adjacent nodes for each gene is shown in a bar chart and genes with number of adjacent nodes ≥7were identified as
network core genes. (E) DEGs from dataset GSE32646 are enriched in the GO containing BP, CC, and MF. (F) KEGG pathways of DEGs from the dataset GSE32646.
One bubble represents a KEGG term, the size of the bubble represents the number of genes in the enriched signaling pathway, and the color represents significance. (G)
Visualization results of the KEGG pathways with NES value TOP15 obtained from the gene expression data in the dataset GSE123845.
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RESULTS

BC Patient Response to NAC Is Related to
Immune-Related Genes
In total, 27 pCR samples and 88 non-pCR samples from the
GSE32646 dataset were used for differential gene expression
analysis, which identified 302 DEGs (filtering with p = 0.05
and logFC = 1; Supplementary Table S2). Genetic clustering
analysis of the heatmap shows the top 20 genes according to the
absolute value of the fold change (Figure 1A), and a volcano plot
of the DEGs is shown in Figure 1B. The PPI results obtained from
the abovementioned DEGs are shown in Figure 1C, which had a
high confidence result with 0.7 as the minimum required
interaction score and the removal of the independent gene.
Using the number of adjacent nodes as criteria, we obtained
the network core genes, including CXCL1, CXCL9, CXCL10,
ADCY1, CXCL11, IDO1, IFNG, NPY1R, and ORM1
(Figure 1D), and the immune-related genes included several
chemokine CXC subfamily molecules, namely, IDO1, IFNG,
and ORM1.

In addition, 1097 BC samples from the TCGA database were
divided into two groups with high and low expression based on
the immune-related DEGs extracted from the GSE32646
dataset. The differential analyses of the 22 immune cell
fractions are shown in Supplementary Figures S1A–E. The
differences in the expression levels of CXCL1, CXCL9, IDO1,
and IFNG between the high- and low-expression groups
showed that M1 macrophages, CD8 T cells, and resting
CD4 memory T cells accounted for a high proportion in the
high-expression group and that M2 macrophages and resting
mast cells accounted for a high proportion in the low-
expression group. The trend of differences for ORM1
between groups was the same as that for the
abovementioned DEGs, but the differences were not
statistically significant.

BC Patient Response to NAC Is Related to
Immune-Related Pathways
GO enrichment analysis of the GSE32464 dataset showed that the
BPs of the DEGs were mainly enriched in the migration and
chemotaxis of immune cells and immune response and the MF of
the DEGs was enriched in the regulation of the activity of
chemokines and their receptors (Figure 1E). In addition,
KEGG pathway analysis indicated that the DEGs were
enriched in cytokine–cytokine receptor interactions,
chemokine signaling pathways, and IL-17 signaling pathways
(Figure 1F).

In addition, the gene expression data in the GSE123845 dataset
were divided into the pCR group and non-pCR group, which
were used to conduct GSEA to obtain the KEGG pathways with
normalized enrichment score (NES), and the top 15 pathways are
shown in Figure 1G. The signaling pathways were enriched in
immune-related pathways, including the chemokine signaling
pathway, apoptosis-related pathways, hematopoietic cell
lineage–related pathways, and pathogen infection–related
pathways.

Differences Between ImmuneCell Fractions
of the Tumor Microenvironment in BC
Patients Who Received NAC With Different
Therapeutic Effects
The 22 immune cell type fractions obtained from the gene
expression data of the GSE32646 dataset using the
deconvolution algorithm are shown by a heatmap in Figure 2A
after filtering with p value < 0.05. In addition, 25 pCR samples and
76 non-pCR samples were used for the estimated immune cell
content analysis (Supplementary Table S3). The correlation of 22
immune cells in the TIME is shown in Figure 2B. The correlation
coefficient of naive B cells and naive CD4 T cells reached 0.47, and
the correlation coefficient of naive M0 macrophages and naive
CD4 T cells was −0.41. Moreover, the correlation coefficient of M0
macrophages and M1 macrophages was −0.4. Differential analysis
of the 22 immune cell fractions in pCR and non-pCR samples was
performed, and the results were visualized using a violin plot
(Figure 2C). M1 macrophages, M2 macrophages, resting mast
cells, and γδT cells had high proportions and statistically
significant differences (p value<0.05). Among these, the levels of
M1 macrophages and γδT cells were higher in the pCR samples,
whereas those of M2 macrophages and resting mast cells were
higher in the non-pCR samples.

Moreover, the fractions of the γδT cells, M1 macrophages, M2
macrophages, and resting mast cells obtained from the gene
expression data of the GSE31519 dataset and the survival data
of samples are shown in Supplementary Table S4. These four
types of immune cells in the TIME were utilized to explore the
EFS benefit in TNBC patients with or without NAC. An EFS
benefit trend was observed in 63 TNBC patients with high M1
macrophages and γδT cells (Figure 2D), and this trend was also
found in 18 patients who received NAC (Figure 2E). However,
the EFS benefit trend in TNBC patients with low M2
macrophages and resting mast cells was only found in patients
who received NAC.

Immunofluorescence analysis of six TNBC samples after NAC
showed CD56-positive natural killer (NK) cells, CD8-positive
T cells, CD68-positive/HLA-DR-positive macrophages (M1
macrophages), and PanCK-positive tumor cells (Figures
3A–D). The fraction of immune and tumor cells mentioned
above in each sample and the corresponding DFS are shown
in Table 2. The results of the t-test to determine the difference in
the fraction of cells between the short-DFS (Patients #1-3) and
long-DFS (Patients #4-6) groups showed no significant
differences in statistics (Supplementary Figure S2).

Changes in Immune-Related Genes and
Immune Cell Fractions in BC Patients
Before and After NAC
In total, 21 samples before NAC and the corresponding paired
samples after NAC were used for comparisons of gene expression
in the GSE32072 dataset, which identified 352 DEGs (filtered with
adjusted p value = 0.05 and logFC = 1; Supplementary Table S5),
including immune-related genes, such as FCGR2C, KIR2DL5A,
and CD300A. Genetic clustering analysis of the heatmap showed
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FIGURE 2 |Differences between immune cell fractions of the TIME in BC patients with different NAC responses. (A)Heatmap of the fraction of 22 immune cell types
for comparison between pCR samples and non-pCR samples from dataset GSE32646. The redder points in the heatmap indicate that the fraction of immune cells in the
corresponding sample was higher, while the gray points indicate lower fraction. (B) Correlation of 22 immune cells in the TIME from dataset GSE32646: Red represents
positive correlation, blue represents negative correlation, and the depth of color indicates the strength of correlation. (C) Differential analysis of 22 immune cell
fractions in pCR and non-pCR samples from dataset GSE32646. Blue represents pCR samples and orange represents non-pCR samples, and p value represents the
statistical significance of the differential analysis between the two groups for each immune cell. (D) Survival analysis of different grouping by immune cells subtypes in 63
TNBC samples from dataset GSE31519. (E) Survival analysis of different grouping by immune cells subtypes in 18 TNBC samples received NAC from dataset
GSE31519.
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the top 20 genes with an absolute value of logFC (Figure 4A). In
addition, GO enrichment analysis showed that the DEGs were
mainly enriched in BPs that included migration and chemotaxis

of leukocytes and extracellular matrix organization, and the MF
of the DEGs was to regulate the activity of extracellular matrix
binding (Figure 4B).

FIGURE 3 |mIHC/IF results of different immune cell subtypes from six TNBC patients received NAC. The fluorescence staining of CD56 (A), CD8 (B), CD68, and
HLA-DR (C). (D) mIHC/IF staining results of CD56, CD8, CD68, HLA-DR, PanCK, and DAPI.

Frontiers in Genetics | www.frontiersin.org June 2022 | Volume 13 | Article 9056177

Zhou et al. TIME Correlates With BC’s NAC-Efficacy

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


From the gene expression data of samples before and after NAC
in the GSE32072 dataset, the 22 immune cell type fractions were
obtained after filtering with a p value < 0.05. Moreover, 21 pre-
NAC samples and 19 post-NAC samples were utilized to estimate
immune cell content (Supplementary Table S6). Differential
analysis of 22 immune cell fractions before and after NAC
samples was performed to obtain a violin plot (Figure 4C). M1
macrophages, γδT cells, resting CD4 memory T cells, resting
natural killer (NK) cells, and resting dendritic cells were found
to be among the 22 types of immune cells with high proportions
and statistically significant differences (p <0.05). Among these, the
levels of M1 macrophages, γδT cells, and resting CD4 memory
T cells were higher in post-NAC samples, whereas those of resting
NK cells and resting dendritic cells were higher in pre-NAC
samples. PCA with cluster analysis was performed using the
differences in the 22 immune cell fractions in the GSE32072
dataset (Figure 4D). In the PCA, the samples before and after
NAC were not completely separated, but the trend of dispersion
was observed. After filtering with a p value < 0.05, 19 pre-NAC
samples and corresponding post-NAC samples were utilized to
estimate the immune cell content from data in the GSE18728
dataset (Supplementary Table S7). The paired difference analysis
of resting NK cells (from the GSE32072 dataset), M1 macrophages
(from the GSE32072 dataset), and resting CD4 memory T cells
(from the GSE18728 dataset) before and after NAC is shown in
Figure 4E. These findings demonstrated that the levels of M1
macrophages and resting CD4memory T cells were higher in post-
NAC samples, whereas those of restingNK cells were higher in pre-
NAC samples.

DISCUSSION

In the present study, we identified several immune-related genes
that correlated with the efficacy of NAC in breast cancer patients.

In contrast to other prognostic-related signatures, such as
survival prognostic subnetwork signatures (SPNs) (Song et al.,
2015), the present study focused on breast cancer patients who
received NAC, and the differential expression of immune-related
genes was used to identify a correlation between NAC and
immune effects. Four of the immune-related genes were
chemokines, namely, CXCL1, CXCL9, CXCL10, and CXCL11,
and the other genes were IDO1, IFNG, and ORM1. Chemokines
secreted by cancer cells are a class of molecules involved in
shaping the TIME and regulating the balance between
antitumor and protumor factors, which induces leukocytes to
enter the TIME and indirectly induces the tumor-related stromal
compartment to secrete angiogenic and lymphangiogenic growth
factors (Unver, 2019). Among them, CXCL9, CXCL10, and
CXCL11 promote the antitumor immune response by
recruiting Th1, CD8+ T, and NK cells in the TIME
(Nagarsheth et al., 2017), which is consistent with the
enriched pathways of leukocyte chemotaxis and migration in
the present study. Notably, CXCL9 and TILs have been shown to
be highly significant predictors of NAC responses in classic
studies, such as the GeparDuo (Denkert et al., 2010) and
GeparSixto (Denkert et al., 2015) trials. In addition, the
immunoregulatory effect of CXCL9, CXCL10, and the
CXCL11/CXCR3 axis on tumor sites to promote antitumor
immunity has been used as a new tumor therapeutic target
(Tokunaga et al., 2018). Not only positive results of CXCR3
antagonists in vitro and in vivo in the preclinical model of BC
have been obtained, but also positive results of various immune
checkpoint inhibitors (ICIs) regulating CXCL9, CXCL10, and
CXCL11 in clinical studies have been obtained (Karin, 2018).

CXCL1 generally promotes tumor progression in melanoma,
colorectal cancer, breast cancer and other tumors. A previous study
(Franklin et al., 2020) has reported that in patients with TNBC, Ras/
MAPK-related gene expression signatures positively correlate with
myeloid/neutrophil-recruiting CXCL1/2 expression and negatively

TABLE 2 | Fraction of immune and tumor cells mentioned in each sample.

Sample No. 1 2 3 4 5 6

cell_count 22830 24545 26996 38035 26760 36061
Hscore_CD56 bright 1.5988 3.1697 250.5519 1.6380 2.0254 1.3394
Hscore_CD56 dim 22.1901 53.7421 72.5033 19.2849 11.1584 1.9328
Hscore_CD68 4.7919 3.3897 1.5743 67.3590 6.7975 2.4653
Hscore_CD8 2.1419 1.7315 2.3374 2.0297 4.8916 1.0815
Hscore_HLADR 50.6088 31.8476 5.9787 34.6286 18.8565 21.4747
Hscore_PANCK 71.6513 61.0226 79.1821 32.0968 77.4402 51.7484
r_CD56 bright_P 0.0012 0.0267 0.2011 0.0154 0.0199 0.0057
r_CD56 dim_P 0.0525 0.3973 0.2701 0.1490 0.0625 0.0057
r_NK 0.0537 0.4240 0.4712 0.1644 0.0824 0.0114
r_CD68_P 0.0423 0.0332 0.0142 0.2227 0.0579 0.0189
r_CD8_P 0.0138 0.0139 0.0189 0.0187 0.0330 0.0054
r_HLADR_P 0.2793 0.2224 0.0423 0.2756 0.1378 0.1332
r_CD68.HLADR_PP 0.0398 0.0262 0.0063 0.1402 0.0341 0.0177
r_CD68.HLADR_PN 0.0025 0.0070 0.0079 0.0825 0.0238 0.0012
M1/macrophage 0.9420 0.7892 0.4424 0.6296 0.5888 0.9384
r_PANCK_P 0.3760 0.3534 0.4874 0.2464 0.4037 0.3726
IM/tumor 0.2919 1.3332 1.0347 1.6469 0.4293 0.0957
DFS (month) 5 5 7 23 13 14

M1/Macrophage, r_CD68.HLADR_PP/r_CD68_P; IM/Tumor, (r_NK + r_CD68_P + r_CD8_P)/r_PANCK_P; DFS, disease-free survival.
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correlate with CXCL9/10/11. However, another study (Lv et al.,
2014) has reported that miR141-CXCL1-CXCR2 signaling–induced
Treg recruitment regulates the metastasis and survival of non–small
cell lung cancer; therefore, the type of immune cells that CXCL1
recruits in the TIME should be further explored. Interestingly, the
expression of IL-17A and CXCL1 mRNA is increased in BC cells,
and their changes are correlated (Ma et al., 2018), indicating that
Th17 cells are increased in CXCL1-induced BC progression. Thus,
CXCL1 combined with the IL-17 signaling pathway should be
further investigated.

Indoleamine 2,3-dioxygenase 1 (IDO1) has been used as an
immunotherapy target and prognostic immune-related biomarker
in recent years. Contrary to the positive correlation between IDO1 and
TILs in most studies (Zhai et al., 2015) and the expression of IDO1
indicating a good NAC response in BC, other studies (Salvador-
Coloma et al., 2020) have shown that IDO1 is positively correlated
with earlymyeloid–derived suppressor cells (eMDSCs) and has a poor
NAC response, which may be related to the different influences of
IDO1 expression in tumor cells and immune stromal cells on
prognosis. IFNG is an IFN-γ–encoding gene that plays an

FIGURE 4 | Changes in immune-related genes and immune cell fractions in BC patients before and after NAC. (A) Genetic clustering analysis of the heatmap
showed DEGs (p value < 0.05, logFC >1 or logFC < −1) with the fold change TOP20 from dataset GSE32072. (B) BP, CC, andMF of DEGs from dataset GSE32072. (C)
Differential analysis of 22 immune cell fractions in pre-NAC and post-NAC samples from dataset GSE32072. Blue represents pre-NAC samples and orange represents
pre-NAC samples, and p value represents the statistical significance of the differential analysis between the two groups for each immune cell. (D) PCA cluster
analysis showed that the red dots represent the sample before NAC and the blue dots represent the sample after NAC. (E) Paired difference analysis of resting NK cells
and M1 macrophages from dataset GSE32072 and CD4 memory resting T cells from dataset GSE18728.
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orchestrating role in innate immunity and inflammatory responses in
the TIME. In the TIME of BC, M1 macrophages, CD8+ T cells,
dendritic cells (DCs), and neutrophils all inhibit tumor growth by
secreting inflammatory cytokines, such as IFN-γ (Shihab et al., 2020).
As an acute phase protein,ORM1 has the ability to induce monocytes
to release IL-1, TNF-α, IL-6, and IL-12 (Ligresti et al., 2012), and a
multivariate classification model using the six proteins, including
ORM1, predicts responses to NAC and further predicts relapse-free
survival of BC patients (Hyung et al., 2011).

In the present study, the expression of the abovementioned
genes was higher in the group with a good response to NAC,
which could select patients who would respond more efficiently
to NAC and further explain the significance of immunotherapy in
addition to chemotherapy in NST for BC patients with these gene
signatures. Furthermore, the expression of immune-related
genes, such as FCGR2C, KIR2DL5A, and CD300A, was found
to change before and after NAC in the present study. These genes
are all downregulated after NAC and are related to the killing
efficacy of NK cells (van der Heijden et al., 2012; De Re et al.,
2014; Lopez-Sejas et al., 2016). These findings not only suggest
that local immune downregulation occurs in the TIME after NAC
but also reiterate the necessity of adding immunotherapy to NST
to modify the TIME to achieve better efficacy in BC.

For the interaction between immune cells in the TIME and
NAC in BC, the close correlation between the 22 immune cell
fractions may reflect crosstalk in the TIME, which was the basis for
the hypothesis for observing the difference in the TIME between
tumor samples with or without response to NAC in the present
study. Interestingly, the different immune cell subtypes in TILs
were associated with different responses to NAC in BC patients in
the present study. Among these immune cells, the levels of M1
macrophages and γδT cells were higher in the pCR samples,
whereas those of M2 macrophages and resting mast cells were
higher in the non-pCR samples, which was consistent with the
results of previous studies (Kaewkangsadan et al., 2017; Reddy
et al., 2019), showing the correlation between NAC response and
immune cells. However, the γδT cells have been shown to be
associated with immunosuppression in the TIME of BC and poor
prognosis (Morrow et al., 2019). Such inconsistencymay be related
to the different functions of the γδT cell subtypes, but the unique
antigen-recognition ability of γδT cells in immunotherapy has
shown promise in the combination of NAC and immunotherapy
(Fisher et al., 2014). A previous study (Patin et al., 2018) has shown
that type I IFN receptor signaling controls the activity of
protumoral IL17A-producing γδT cells in breast cancer, which
is consistent with the high expression of IFNG, the high proportion
of the γδT cells in the pCR group, and the enriched IL-17 signaling
pathway in the present study. According to the results in the TCGA
database, high expression levels of CXCL1, CXCL9, IDO1, and
IFNGwere correlated with higher proportions ofM1macrophages,
CD8 T cells, and resting CD4 memory T cells, but low expression
levels of these genes were correlated with lower proportions of M2
macrophages and mast cells. The expression of these immune-
related genes indicated the immune activation state of the TIME,
and the abovementioned results were consistent with the role of
these immune cells in the TIME (Ravelli et al., 2017). Except for the
correlation between the proportion of different immune cells and

pCR rate, the prognosis-related TIME of breast cancer, especially
that of the TNBC patients who received NAC, was emphasized by
the results of the EFS benefit with different immune cell
components in the GSE31519 dataset.

In the present study, the changes in the TIME induced byNAC
were reflected by increased M1 macrophages, γδT cells, and
resting CD4 memory T cells but decreased NK cells and DCs.
However, previous studies analyzing TILs before and after
changes in clinical BC samples have reported contradicting
results (Kim et al., 2020; Wesolowski et al., 2020). Thus, it
remains unknown which immune cells will increase or
decrease after NAC. However, as long as the immune cell
subtype in the TIME changes after NAC, it will provide the
basis for NAC combined with immunotherapy and the
corresponding target cells. Modulating the TIME can be
achieved either by targeting immune checkpoints on the
increased immune cells or by avoiding apoptosis of the
decreased immune cells, which is a method for
immunotherapy to achieve better therapeutic effects in
combination with NAC. More importantly, previous studies
(Hamy et al., 2019; Herrero-Vicent et al., 2019) have shown
that the increase in TILs after NAC is correlated with shorter DFS
and aggressive tumor characteristics, suggesting the importance
of TILs before and after NAC as a prognostic biomarker.
Consistent with this finding, our mIHC/IF results showed that
patients #4–6 with fewer total NK cells and more M1
macrophages had longer DFS after NAC. These results
suggested that different subtypes of TILs had the potential of
indicating different DFS outcomes in TNBC after NAC, thus
highlighting the significance of combining NAC with ICIs
targeting different immune cells to achieve better clinical
benefits. However, due to the small sample size in the present
study, our results were not statistically calculated. One limitation
of the present study was that the changes in immune cells in
samples before and after NAC were not compared due to
sampling limitations. In the future, our team will expand the
sample size and continue to explore the temporal and spatial
heterogeneity of the TIME before and after NAC in BC. In
addition, the relationship between the changes in peripheral
blood immune cells and TILs is currently a hot topic of
research as there is an urgent need for dynamic monitoring of
biomarkers to screen appropriate immunotherapy populations
for BC patients (Axelrod et al., 2020).

CONCLUSION

Immune-related genes and different subtypes of immune cells are
biomarkers correlated with the therapeutic effect of NAC for BC.
In the present study, the interaction between the TIME and NAC
was discussed in terms of the therapeutic effect of different TIMEs
on chemotherapy and the changes in the TIME after NAC.
Several immune-related genes and immune cell subtypes
related to the NAC response were identified, and several
immune cell fractions were significantly changed before and
after NAC. The present study analyzed samples in databases
and clinics to conduct a more detailed study on the correlation
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between the efficacy of NAC in BC and the TIME, which further
verified the importance of immunotherapy combined with
chemotherapy.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found in the article/
Supplementary Material.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the First Affiliated Hospital of Xi’an Jiaotong
University Ethics Committee. Written informed consent for
participation was not required for this study in accordance
with the national legislation and the institutional requirements.

AUTHOR CONTRIBUTIONS

YZ, QT, and JnY contributed to the study design. LZ, JaY, and JZ
contributed to data collection. YZ, QT, and HG performed
statistical analysis and interpretation. YZ and JnY drafted the
manuscript. All authors commented on previous versions of the
manuscript and contributed to critical revision of the final
manuscript. All authors read and approved the final manuscript.

FUNDING

This study was supported by the National Natural Science
Foundation of China (No. 82002794).

ACKNOWLEDGMENTS

We thank The Cancer Genome Atlas (TCGA) and Gene
Expression Omnibus (GEO) for providing transcriptomic and
clinicopathological data.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fgene.2022.905617/
full#supplementary-material

Supplementary Figure S1 | Differences between immune cell fractions of the TIME
in BC patients with different expressions of DEGs. The data from the TCGA
database showed that the expressions of immune-related DEGs we extracted
from GSE32646 are associated with 22 immune cell fractions: Green is for low-
expression samples and red is for high-expression samples, and p value represents
the statistical significance of the differential analysis between the two groups for each
immune cell. (A) Expression of CXCL1. (B) Expression of CXCL9. (C) Expression of
IDO1. (D) Expression of IFNG. (E) Expression of ORM1.

Supplementary Figure S2 | Differences in the fraction of cells between the short-
DFS and long-DFS groups. T-test differential analyses in the fraction of cells between
the short-DFS (Patients #1–3) and long-DFS (Patients #4–6) groups.

Supplementary Table S1 | Detailed information about the five datasets.

Supplementary Table S2 | 302 DEGs between the pCR group and non-pCR
group from the dataset GSE32646.

Supplementary Table S3 | Immune cell content analysis from the dataset
GSE32646.

Supplementary Table S4 | Immune cell content analysis and the survival data from
GSE31519.

Supplementary Table S5 | 352 DEGs between before and after NAC groups from
GSE32072.

Supplementary Table S6 | Immune cell content analysis from the dataset
GSE32072.

Supplementary Table S7 | Immune cell content analysis from the dataset
GSE18728.

REFERENCES

Axelrod, M. L., Nixon, M. J., Gonzalez-Ericsson, P. I., Bergman, R. E., Pilkinton, M. A.,
McDonnell, W. J., et al. (2020). Changes in Peripheral and Local Tumor Immunity
after Neoadjuvant Chemotherapy Reshape Clinical Outcomes in Patients with Breast
Cancer. Clin. Cancer Res. 26 (21), 5668–5681. doi:10.1158/1078-0432.Ccr-19-3685

Chica-Parrado, M. R., Godoy-Ortiz, A., Jiménez, B., Ribelles, N., Barragan, I., and
Alba, E. (2020). Resistance to Neoadjuvant Treatment in Breast Cancer:
Clinicopathological and Molecular Predictors. Cancers 12 (8), 2012. doi:10.
3390/cancers12082012

De Re, V., Caggiari, L., De Zorzi, M., Talamini, R., Racanelli, V., Andrea, M. D.,
et al. (2014). Genetic Diversity of the KIR/HLA System and Outcome of
Patients with Metastatic Colorectal Cancer Treated with Chemotherapy.
PLoS One 9 (1), e84940. doi:10.1371/journal.pone.0084940

Denkert, C., Loibl, S., Noske, A., Roller, M., Müller, B. M., Komor, M., et al. (2010).
Tumor-associated Lymphocytes as an Independent Predictor of Response to
Neoadjuvant Chemotherapy in Breast Cancer. Jco 28 (1), 105–113. doi:10.1200/
jco.2009.23.7370

Denkert, C., von Minckwitz, G., Brase, J. C., Sinn, B. V., Gade, S., Kronenwett, R.,
et al. (2015). Tumor-infiltrating Lymphocytes and Response to Neoadjuvant
Chemotherapy with or without Carboplatin in Human Epidermal Growth

Factor Receptor 2-positive and Triple-Negative Primary Breast Cancers. Jco 33
(9), 983–991. doi:10.1200/jco.2014.58.1967

Di Cosimo, S., Appierto, V., Silvestri, M., Pruneri, G., Vingiani, A., Perrone, F., et al.
(2019). Targeted-Gene Sequencing to Catch Triple Negative Breast Cancer
Heterogeneity before and after Neoadjuvant Chemotherapy. Cancers 11 (11),
1753. doi:10.3390/cancers11111753

Fisher, J. P., Heuijerjans, J., Yan, M., Gustafsson, K., and Anderson, J. (2014). Γδ
T Cells for Cancer Immunotherapy. Oncoimmunology 3 (1), e27572. doi:10.
4161/onci.27572

Franklin, D. A., Sharick, J. T., Ericsson-Gonzalez, P. I., Sanchez, V., Dean, P. T.,
Opalenik, S. R., et al. (2020). MEK Activation Modulates Glycolysis and
Supports Suppressive Myeloid Cells in TNBC. JCI Insight 5 (15), e134290.
doi:10.1172/jci.insight.134290

Hamy, A.-S., Bonsang-Kitzis, H., De Croze, D., Laas, E., Darrigues, L., Topciu, L.,
et al. (2019). Interaction between Molecular Subtypes and Stromal Immune
Infiltration before and after Treatment in Breast Cancer Patients Treated with
Neoadjuvant Chemotherapy. Clin. Cancer Res. 25 (22), 6731–6741. doi:10.
1158/1078-0432.Ccr-18-3017

Hyung, S.-W., Lee, M. Y., Yu, J.-H., Shin, B., Jung, H.-J., Park, J.-M., et al. (2011). A
Serum Protein Profile Predictive of the Resistance to Neoadjuvant
Chemotherapy in Advanced Breast Cancers. Mol. Cell. Proteomics 10 (10),
M111.011023. doi:10.1074/mcp.M111.011023

Frontiers in Genetics | www.frontiersin.org June 2022 | Volume 13 | Article 90561711

Zhou et al. TIME Correlates With BC’s NAC-Efficacy

https://www.frontiersin.org/articles/10.3389/fgene.2022.905617/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2022.905617/full#supplementary-material
https://doi.org/10.1158/1078-0432.Ccr-19-3685
https://doi.org/10.3390/cancers12082012
https://doi.org/10.3390/cancers12082012
https://doi.org/10.1371/journal.pone.0084940
https://doi.org/10.1200/jco.2009.23.7370
https://doi.org/10.1200/jco.2009.23.7370
https://doi.org/10.1200/jco.2014.58.1967
https://doi.org/10.3390/cancers11111753
https://doi.org/10.4161/onci.27572
https://doi.org/10.4161/onci.27572
https://doi.org/10.1172/jci.insight.134290
https://doi.org/10.1158/1078-0432.Ccr-18-3017
https://doi.org/10.1158/1078-0432.Ccr-18-3017
https://doi.org/10.1074/mcp.M111.011023
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


Kaewkangsadan, V., Verma, C., Eremin, J. M., Cowley, G., Ilyas, M., Satthaporn, S.,
et al. (2017). The Differential Contribution of the Innate Immune System to a
Good Pathological Response in the Breast and Axillary Lymph Nodes Induced
by Neoadjuvant Chemotherapy in Women with Large and Locally Advanced
Breast Cancers. J. Immunol. Res. 2017, 1–21. doi:10.1155/2017/1049023

Kanehisa, M., Furumichi, M., Tanabe, M., Sato, Y., and Morishima, K. (2017).
KEGG: New Perspectives on Genomes, Pathways, Diseases and Drugs. Nucleic
Acids Res. 45 (D1), D353–d361. doi:10.1093/nar/gkw1092

Karin, N. (2018). Chemokines and Cancer: New Immune Checkpoints for Cancer
Therapy. Curr. Opin. Immunol. 51, 140–145. doi:10.1016/j.coi.2018.03.004

Kim, R., Kawai, A., Wakisaka, M., Sawada, S., Shimoyama, M., Yasuda, N., et al.
(2020). Immune Correlates of the Differing Pathological and Therapeutic
Effects of Neoadjuvant Chemotherapy in Breast Cancer. Eur. J. Surg. Oncol.
46 (1), 77–84. doi:10.1016/j.ejso.2019.09.146

Kong, X., Moran, M. S., Zhang, N., Haffty, B., and Yang, Q. (2011). Meta-analysis
Confirms Achieving Pathological Complete Response after Neoadjuvant
Chemotherapy Predicts Favourable Prognosis for Breast Cancer Patients.
Eur. J. Cancer 47 (14), 2084–2090. doi:10.1016/j.ejca.2011.06.014

Lebert, J. M., Lester, R., Powell, E., Seal, M., and McCarthy, J. (2018). Advances in
the Systemic Treatment of Triple-Negative Breast Cancer. Curr. Oncol. 25
(Suppl. 1), 142–150. doi:10.3747/co.25.3954

Ligresti, G., Aplin, A. C., Dunn, B. E., Morishita, A., and Nicosia, R. F. (2012). The
Acute Phase Reactant Orosomucoid-1 Is a Bimodal Regulator of Angiogenesis
with Time- and Context-dependent Inhibitory and Stimulatory Properties.
PLoS One 7 (8), e41387. doi:10.1371/journal.pone.0041387

Loi, S., Drubay, D., Adams, S., Pruneri, G., Francis, P. A., Lacroix-Triki, M., et al.
(2019). Tumor-Infiltrating Lymphocytes and Prognosis: A Pooled Individual
Patient Analysis of Early-Stage Triple-Negative Breast Cancers. Jco 37 (7),
559–569. doi:10.1200/jco.18.01010

Lopez-Sejas, N., Campos, C., Hassouneh, F., Sanchez-Correa, B., Tarazona, R.,
Pera, A., et al. (2016). Effect of CMV and Aging on the Differential Expression
of CD300a, CD161, T-Bet, and Eomes on NK Cell Subsets. Front. Immunol. 7,
476. doi:10.3389/fimmu.2016.00476

Lv, M., Xu, Y., Tang, R., Ren, J., Shen, S., Chen, Y., et al. (2014). miR141-CXCL1-
CXCR2 Signaling-Induced Treg Recruitment RegulatesMetastases and Survival
of Non-small Cell Lung Cancer. Mol. Cancer Ther. 13 (12), 3152–3162. doi:10.
1158/1535-7163.Mct-14-0448

Ma, K., Yang, L., Shen, R., Kong, B., Chen, W., Liang, J., et al. (2018). Th17 Cells
Regulate the Production of CXCL1 in Breast Cancer. Int. Immunopharmacol.
56, 320–329. doi:10.1016/j.intimp.2018.01.026

McDermaid, A., Monier, B., Zhao, J., Liu, B., and Ma, Q. (2019). Interpretation of
Differential Gene Expression Results of RNA-Seq Data: Review and Integration.
Brief. Bioinform 20 (6), 2044–2054. doi:10.1093/bib/bby067

Morrow, E. S., Roseweir, A., and Edwards, J. (2019). The Role of Gamma Delta T
Lymphocytes in Breast Cancer: a Review. Transl. Res. 203, 88–96. doi:10.1016/j.
trsl.2018.08.005

Nagarsheth, N., Wicha, M. S., and Zou, W. (2017). Chemokines in the Cancer
Microenvironment and Their Relevance in Cancer Immunotherapy. Nat. Rev.
Immunol. 17 (9), 559–572. doi:10.1038/nri.2017.49

Newman, A. M., Liu, C. L., Green, M. R., Gentles, A. J., Feng, W., Xu, Y., et al.
(2015). Robust Enumeration of Cell Subsets from Tissue Expression Profiles.
Nat. Methods 12 (5), 453–457. doi:10.1038/nmeth.3337

Ochi, T., Bianchini, G., Ando, M., Nozaki, F., Kobayashi, D., Criscitiello, C., et al.
(2019). Predictive and Prognostic Value of Stromal Tumour-Infiltrating
Lymphocytes before and after Neoadjuvant Therapy in Triple Negative and
HER2-Positive Breast Cancer. Eur. J. Cancer 118, 41–48. doi:10.1016/j.ejca.
2019.05.014

Park, J. H., Jonas, S. F., Bataillon, G., Criscitiello, C., Salgado, R., Loi, S., et al. (2019).
Prognostic Value of Tumor-Infiltrating Lymphocytes in Patients with Early-
Stage Triple-Negative Breast Cancers (TNBC) Who Did Not Receive Adjuvant
Chemotherapy. Ann. Oncol. 30 (12), 1941–1949. doi:10.1093/annonc/mdz395

Patin, E. C., Soulard, D., Fleury, S., Hassane, M., Dombrowicz, D., Faveeuw, C.,
et al. (2018). Type I IFN Receptor Signaling Controls IL7-Dependent
Accumulation and Activity of Protumoral IL17A-Producing γδT Cells in
Breast Cancer. Cancer Res. 78 (1), 195–204. doi:10.1158/0008-5472.Can-17-
1416

Pérez-Pena, J., Tibor Fekete, J., Páez, R., Baliu-Piqué, M., García-Saenz, J. Á.,
García-Barberán, V., et al. (2019). A Transcriptomic Immunologic Signature

Predicts Favorable Outcome in Neoadjuvant Chemotherapy Treated Triple
Negative Breast Tumors. Front. Immunol. 10, 2802. doi:10.3389/fimmu.2019.
02802

Pu, Y., Chen, X., Chen, Y., Zhang, L., Chen, J., Zhang, Y., et al. (2021).
Transcriptome and Differential Methylation Integration Analysis Identified
Important Differential Methylation Annotation Genes and Functional
Epigenetic Modules Related to Vitiligo. Front. Immunol. 12, 587440. doi:10.
3389/fimmu.2021.587440

Ravelli, A., Roviello, G., Cretella, D., Cavazzoni, A., Biondi, A., Cappelletti, M. R.,
et al. (2017). Tumor-infiltrating Lymphocytes and Breast Cancer: Beyond the
Prognostic and Predictive Utility. Tumour Biol. 39 (4), 101042831769502.
doi:10.1177/1010428317695023

Reddy, S. M., Reuben, A., Barua, S., Jiang, H., Zhang, S., Wang, L., et al. (2019).
Poor Response to Neoadjuvant Chemotherapy Correlates with Mast Cell
Infiltration in Inflammatory Breast Cancer. Cancer Immunol. Res. 7 (6),
1025–1035. doi:10.1158/2326-6066.Cir-18-0619

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

Salvador-Coloma, C., Santaballa, A., Sanmartín, E., Calvo, D., García, A., Hervás,
D., et al. (2020). Immunosuppressive Profiles in Liquid Biopsy at Diagnosis
Predict Response to Neoadjuvant Chemotherapy in Triple-Negative Breast
Cancer. Eur. J. Cancer 139, 119–134. doi:10.1016/j.ejca.2020.08.020

Sepulveda, J. L. (2020). Using R and Bioconductor in Clinical Genomics and
Transcriptomics. J. Mol. Diagnostics 22 (1), 3–20. doi:10.1016/j.jmoldx.2019.
08.006

Shihab, I., Khalil, B. A., Elemam, N. M., Hachim, I. Y., Hachim, M. Y., Hamoudi, R.
A., et al. (2020). Understanding the Role of Innate Immune Cells and
Identifying Genes in Breast Cancer Microenvironment. Cancers 12 (8),
2226. doi:10.3390/cancers12082226

Song, Q., Wang, H., Bao, J., Pullikuth, A. K., Li, K. C., Miller, L. D., et al. (2015).
Systems Biology Approach to Studying Proliferation-dependent Prognostic
Subnetworks in Breast Cancer. Sci. Rep. 5, 12981. doi:10.1038/srep12981

Steenbruggen, T. G., van Ramshorst, M. S., Kok, M., Linn, S. C., Smorenburg, C. H.,
and Sonke, G. S. (2017). Neoadjuvant Therapy for Breast Cancer: Established
Concepts and Emerging Strategies. Drugs 77 (12), 1313–1336. doi:10.1007/
s40265-017-0774-5

Su, J., Song, Q., Qasem, S., O’Neill, S., Lee, J., Furdui, C. M., et al. (2020). Multi-
Omics Analysis of Brain Metastasis Outcomes Following Craniotomy. Front.
Oncol. 10, 615472. doi:10.3389/fonc.2020.615472

Subramanian, A., Tamayo, P., Mootha, V. K., Mukherjee, S., Ebert, B. L., Gillette,
M. A., et al. (2005). Gene Set Enrichment Analysis: a Knowledge-Based
Approach for Interpreting Genome-wide Expression Profiles. Proc. Natl.
Acad. Sci. U.S.A. 102 (43), 15545–15550. doi:10.1073/pnas.0506580102

Szklarczyk, D., Gable, A. L., Lyon, D., Junge, A., Wyder, S., Huerta-Cepas, J., et al.
(2019). STRING V11: Protein-Protein Association Networks with Increased
Coverage, Supporting Functional Discovery in Genome-wide Experimental
Datasets. Nucleic Acids Res. 47 (D1), D607–d613. doi:10.1093/nar/gky1131

Takeshita, T., Asaoka, M., Katsuta, E., Photiadis, S. J., Narayanan, S., Yan, L., et al.
(2019). High Expression of Polo-like Kinase 1 Is Associated with TP53
Inactivation, DNA Repair Deficiency, and Worse Prognosis in ER Positive
Her2 Negative Breast Cancer. Am. J. Transl. Res. 11 (10), 6507–6521.

Taube, J. M., Akturk, G., Angelo,M., Engle, E. L., Gnjatic, S., Greenbaum, S., et al. (2020).
The Society for Immunotherapy of Cancer Statement on Best Practices forMultiplex
Immunohistochemistry (IHC) and Immunofluorescence (IF) Staining and
Validation. J. Immunother. Cancer 8 (1), e000155. doi:10.1136/jitc-2019-000155

Tokunaga, R., Zhang, W., Naseem, M., Puccini, A., Berger, M. D., Soni, S., et al. (2018).
CXCL9,CXCL10, CXCL11/CXCR3 axis for ImmuneActivation -ATarget forNovel
Cancer Therapy. Cancer Treat. Rev. 63, 40–47. doi:10.1016/j.ctrv.2017.11.007

Unver, N. (2019). Macrophage Chemoattractants Secreted by Cancer Cells:
Sculptors of the Tumor Microenvironment and Another Crucial Piece of
the Cancer Secretome as a Therapeutic Target. Cytokine & Growth Factor
Rev. 50, 13–18. doi:10.1016/j.cytogfr.2019.05.010

Vaidya, J. S., Massarut, S., Vaidya, H. J., Alexander, E. C., Richards, T., Caris, J. A.,
et al. (2018). Rethinking Neoadjuvant Chemotherapy for Breast Cancer. Bmj
360, j5913. doi:10.1136/bmj.j5913

van der Heijden, J., Breunis, W. B., Geissler, J., de Boer, M., van den Berg, T. K., and
Kuijpers, T. W. (2012). Phenotypic Variation in IgG Receptors by

Frontiers in Genetics | www.frontiersin.org June 2022 | Volume 13 | Article 90561712

Zhou et al. TIME Correlates With BC’s NAC-Efficacy

https://doi.org/10.1155/2017/1049023
https://doi.org/10.1093/nar/gkw1092
https://doi.org/10.1016/j.coi.2018.03.004
https://doi.org/10.1016/j.ejso.2019.09.146
https://doi.org/10.1016/j.ejca.2011.06.014
https://doi.org/10.3747/co.25.3954
https://doi.org/10.1371/journal.pone.0041387
https://doi.org/10.1200/jco.18.01010
https://doi.org/10.3389/fimmu.2016.00476
https://doi.org/10.1158/1535-7163.Mct-14-0448
https://doi.org/10.1158/1535-7163.Mct-14-0448
https://doi.org/10.1016/j.intimp.2018.01.026
https://doi.org/10.1093/bib/bby067
https://doi.org/10.1016/j.trsl.2018.08.005
https://doi.org/10.1016/j.trsl.2018.08.005
https://doi.org/10.1038/nri.2017.49
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.1016/j.ejca.2019.05.014
https://doi.org/10.1016/j.ejca.2019.05.014
https://doi.org/10.1093/annonc/mdz395
https://doi.org/10.1158/0008-5472.Can-17-1416
https://doi.org/10.1158/0008-5472.Can-17-1416
https://doi.org/10.3389/fimmu.2019.02802
https://doi.org/10.3389/fimmu.2019.02802
https://doi.org/10.3389/fimmu.2021.587440
https://doi.org/10.3389/fimmu.2021.587440
https://doi.org/10.1177/1010428317695023
https://doi.org/10.1158/2326-6066.Cir-18-0619
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1016/j.ejca.2020.08.020
https://doi.org/10.1016/j.jmoldx.2019.08.006
https://doi.org/10.1016/j.jmoldx.2019.08.006
https://doi.org/10.3390/cancers12082226
https://doi.org/10.1038/srep12981
https://doi.org/10.1007/s40265-017-0774-5
https://doi.org/10.1007/s40265-017-0774-5
https://doi.org/10.3389/fonc.2020.615472
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1093/nar/gky1131
https://doi.org/10.1136/jitc-2019-000155
https://doi.org/10.1016/j.ctrv.2017.11.007
https://doi.org/10.1016/j.cytogfr.2019.05.010
https://doi.org/10.1136/bmj.j5913
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


NonclassicalFCGR2CAlleles. J. I. 188 (3), 1318–1324. doi:10.4049/jimmunol.
1003945

Wesolowski, R., Stiff, A., Quiroga, D., McQuinn, C., Li, Z., Nitta, H., et al. (2020).
Exploratory Analysis of Immune Checkpoint Receptor Expression by
Circulating T Cells and Tumor Specimens in Patients Receiving Neo-
Adjuvant Chemotherapy for Operable Breast Cancer. BMC Cancer 20 (1),
445. doi:10.1186/s12885-020-06949-4

Xu, W., Chen, X., Deng, F., Zhang, J., Zhang, W., and Tang, J. (2020). Predictors of
Neoadjuvant Chemotherapy Response in Breast Cancer: A Review. Ott Vol. 13,
5887–5899. doi:10.2147/ott.S253056

Yeong, J., Tan, T., Chow, Z. L., Cheng, Q., Lee, B., Seet, A., et al. (2020). Multiplex
Immunohistochemistry/immunofluorescence (mIHC/IF) for PD-L1 Testing in
Triple-Negative Breast Cancer: a Translational Assay Compared with
Conventional IHC. J. Clin. Pathol. 73 (9), 557–562. doi:10.1136/jclinpath-
2019-206252

Yu, G., Wang, L.-G., Han, Y., and He, Q.-Y. (2012). clusterProfiler: an R Package
for Comparing Biological Themes Among Gene Clusters. OMICS A J. Integr.
Biol. 16 (5), 284–287. doi:10.1089/omi.2011.0118

Yu, G., Wang, L.-G., Yan, G.-R., and He, Q.-Y. (2015). DOSE: an
R/Bioconductor Package for Disease Ontology Semantic and Enrichment
Analysis. Bioinformatics 31 (4), 608–609. doi:10.1093/bioinformatics/
btu684

Zhai, L., Spranger, S., Binder, D. C., Gritsina, G., Lauing, K. L., Giles, F. J., et al.
(2015). Molecular Pathways: Targeting Ido1 and Other Tryptophan
Dioxygenases for Cancer Immunotherapy. Clin. Cancer Res. 21 (24),
5427–5433. doi:10.1158/1078-0432.Ccr-15-0420

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zhou, Tian, Gao, Zhu, Yang, Zhang and Yang. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Genetics | www.frontiersin.org June 2022 | Volume 13 | Article 90561713

Zhou et al. TIME Correlates With BC’s NAC-Efficacy

https://doi.org/10.4049/jimmunol.1003945
https://doi.org/10.4049/jimmunol.1003945
https://doi.org/10.1186/s12885-020-06949-4
https://doi.org/10.2147/ott.S253056
https://doi.org/10.1136/jclinpath-2019-206252
https://doi.org/10.1136/jclinpath-2019-206252
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1093/bioinformatics/btu684
https://doi.org/10.1093/bioinformatics/btu684
https://doi.org/10.1158/1078-0432.Ccr-15-0420
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

	Correlation Between Immune-Related Genes and Tumor-Infiltrating Immune Cells With the Efficacy of Neoadjuvant Chemotherapy  ...
	Introduction
	Materials and Methods
	Gene Expression and Clinical Data
	Identification of DEGs, Gene Ontology , and Kyoto Encyclopedia of Genes and Genomes Pathway Enrichment Analysis of DEGs
	Gene Set Enrichment Analyses
	Protein–Protein Interaction Network Construction and Network Core Genes Extraction
	CIBERSORT Deconvolution Algorithm
	Survival Analysis
	Multiplex Immunohistochemistry/Immunofluorescence Protocol and the Preparation of Fractions of Different Immune Cells and T ...
	Statistical Analysis

	Results
	BC Patient Response to NAC Is Related to Immune-Related Genes
	BC Patient Response to NAC Is Related to Immune-Related Pathways
	Differences Between Immune Cell Fractions of the Tumor Microenvironment in BC Patients Who Received NAC With Different Ther ...
	Changes in Immune-Related Genes and Immune Cell Fractions in BC Patients Before and After NAC

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


