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Abstract

Background
The immunopro�les in tumor microenvironment (TME) has established impacts on the tumorigenesis,
metastasis, therapy sensitivity and prognosis in various solid tumors, including breast cancer. Regulation
of local immune cell homeostasis is considered as a promising strategy for breast cancer therapy.

Aim
Comprehensively investigate the landscape of tumor-in�ltrated immune cells in breast cancer and benign
tissues, and provide novel evidence for potential immunotherapy strategies.

Method
A total of 140 pairs of breast cancer and benign tissues were collected and sectioned. The multiplexed
immuno�uorescence was applied to simultaneously analyze the immunopro�les in breast cancer TME.
Images were captured by AKOYA-Vectra 3 and analyzed with InForm 2.1 software.

Results
Comparing the general benign with malignant samples, the mean percentages of T cells (17.03% vs
14.85%, p=0.2329), B cells (6.406% vs 3.763%, p=0.0189), and macrophages (17.06% vs 27.1%, p=0.008)
showed dramatic difference. In addition, we compared segmental areas, para-cancer with cancer tissues,
different pathological and molecular types, and found that the main difference was the proportion of
macrophages, especially the M2 subtype.

Conclusion
Macrophages and M2 subtype were the iconic differentiated in�ltrating immune cells in breast cancer,
especially related with the malignancy, clinic stages and tumorigenesis, which was the promising target
in cancer therapy.

1. Introduction
Breast cancer is currently the leading malignancy with the highest incidence around 11.7% worldwide [1].
In addition to the traditional pathological diagnosis and discrimination of breast cancer, more precise
molecular classi�cation, including estrogen receptor (ER), progesterone receptor (PR), human epidermal
growth factor receptor (HER) 2 and Ki-67, has promoted the treatment of breast cancer into a precision
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medicine and individualized therapy era [2]. However, special types of breast cancer, such as triple-
negative breast cancer (TNBC), in�ammatory breast cancer and endocrine therapy-resistant breast
cancer, still have a high mortality [3, 4]. The immunopro�ling in the tumor microenvironment (TME) has
established impacts on the tumorigenesis, metastasis, therapy sensitivity and prognosis in various solid
tumors, including breast cancer [5, 6].

Tumor-associated immune cells cover a wide range of cell types, such as tumor in�ltrating lymphocytes,
tumor-associated macrophages (TAMs), and natural killer (NK) cells [7, 8]. Regulation of the local
immune cells is considered as a promising treatment in breast cancer and other solid tumors [9]. Recently,
the studies of immune checkpoints improved the clinical application of their inhibitors in tumor therapy,
and achieved positive feedback in breast cancer [10]. The application of programmed cell death protein
(PD)-1 and PD-1 ligand 1 (PD-L1) inhibitors partially ameliorated breast cancer patient conditions [11].
Regrettably, accumulating data from clinical studies indicated that immune checkpoint inhibitors showed
low sensitivity and high resistance in breast cancer patients [12]. Thus, it is urgent to reveal the
mechanisms and pro�les of immune cells in the TME of breast cancer, such as CD4+ T cells, CD8+ T cells,
B cells, NK cells, macrophages and T regulatory cells (Tregs).

Numerous studies have studied different types of immune cells both in local cancer niche and peripheral
circulatory system with �ow cytometry or immunohistochemistry (IHC) in breast cancer [13, 14]. However,
ambiguous or even contrary conclusions were obtained with various novel cell markers, especially in the
analysis of macrophage subtypes [15–18]. Revealing the characteristics of immune cells in breast cancer
microenvironment is a prerequisite for further research on treatments and interventions.

Here we collected 140 breast tissues and synchronously investigated the differentiated immune pro�les
of different pathological or molecular types using multiplexed
immuno�uorescence/immunohistochemistry (MI/IHC). According to the results of MI/IHC
immunopro�les, we further investigated the correlation of these immune cells with breast cancer using
the TCGA database, and proposed the potential transcription factors or metabolism-related genes as
targets in immune cell regulation.

2. Results

2.1. Quality control and analysis �ow chart
First, we veri�ed the recommended concentrations of each antibody with breast cancer or tonsil tissue
sections, which contained abundant macrophages, T cells and B cells. The concentration of individual
antibody was adjusted using typical IHC method with low levels of non-speci�c background staining to
maximally reduce the �uorescent intensity of non-speci�c signal (SFigure 1). A total of 151 samples were
collected in a tissue chip with 1-mm diameter of each dot. All the detailed information of pathological
type, clinical stage, lymph node metastasis, tumor size and molecular type were listed in STable1. After
staining, 133 dots were analyzed, and 18 dots were collapsed, spoiled or multilevel stained, highlighted in
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red in STable1. The merged images were then split into single �uorescent channel with changeable colors
to compensate individual signal (Figure 1A), and were analyzed with InForm analysis software as
working �ow chart (Figure 1B).

2.2. Immune phenotype analysis in breast cancer

2.2.1. Immunopro�les between non-carcinoma and
carcinoma tissues
The immunopro�les were compared between non-carcinoma and carcinoma tissues both in total and
segmental areas according to the pathological diagnosis. In the total area of non-carcinoma breast
tissues, percentages of CD68+ macrophages and CD3+ T cells were much higher than those of CD19+ B
cells (mean values, 17.06% vs 6.406%, and 17.03% vs 6.406%, p<0.005), and CD68+CD163+ M2
macrophages were more than CD68+TLR4+ M1 macrophages (mean values, 10.64% vs 4.852%,
p=0.0007) in benign breast samples (SFigure 2B). Interestingly, CD68+CD40+ TAMs were less than M2
macrophages (mean values, 10.64% vs 4.666%, p=0.0001) in the benign diseases (SFigure 2C). In the
gland or para-gland areas, percentages of CD68+ macrophages and CD3+ T cells were much higher than
those of CD19+ B cells, and CD68+CD163+ M2 macrophages were more than CD68+TLR4+ M1
macrophages (95% CI of difference, 2.364% vs 10.1%, p=0.002), which was similar to the general
immunopro�les of the total areas (SFigure 2B). However, the stromal areas displayed harmonious
immunopro�les, including macrophages (SFigure 2B). Of note, in the benign tissues, immune cells were
mainly located in the gland or para-gland areas, which was obviously contrary to the carcinoma samples
(Figure 2A and SFigure 2A).

Meanwhile, we analyzed the carcinoma samples like non-carcinoma manner. We found that different
from benign samples, macrophages were the highest immune cell type in malignant samples (Figure 2B).
The sub-phenotypes of macrophages also showed similar ratio, M2 was higher than M1 and TAM, while
TAM and M1 had no obvious difference (Figure 2B). Next, we analyzed the segmental areas and found
that in the tumor/gland areas, CD68+ macrophages were the highest immune cells unlike in non-
carcinoma samples (Figure 2C and 2D). We found that in the stromal areas, macrophages were also
higher than T cells and B cells, and that the M2 subtype was higher than M1 and TAM (Figure 2C). As we
mentioned, the immune cells in cancer samples were mainly localized in the stromal areas compared
with benign samples (Figure 2A).

Comparing non-carcinoma samples with carcinoma samples, we found that T cells showed no
difference, and that macrophages increased signi�cantly in TME (Figure 2D). However, the proportion of
B cells was decreased in the tumor samples (Figure 2D). The percentages of each subtype of
macrophages decreased in carcinoma tissues compared with non-cancer samples (Figure 2E).
Additionally, when we divided the samples into tumor/gland or stromal areas, we found contrary
immunopro�les between the benign and malignant samples. In the tumor/gland areas, the percentages
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of T cells, B cells and macrophages were decreased signi�cantly in the TME, as well as all the
macrophage subtypes (Figure 2F and 2G). While in the stromal areas, macrophages were much higher in
the cancer samples than non-cancer ones (Figure 2F and 2G). Of note, in the stromal areas of tumor
samples, M2 macrophages were increased dramatically as well as the other two subtypes (Figure 2F and
2G).

In a short summary, macrophages were increased in the stromal areas rather than gland or para-gland
areas, of which the M2 subtype was the dominant part. Furthermore, tumorigenesis disturbed the
equilibrium of different macrophage subtypes in the stromal areas of benign samples, which was the
hallmark of tumoral immunopro�les.

2.2.2. Immunopro�les among different pathological types
of benign and malignant tissues
In addition to the difference between the benign and malignant tissues, we further compared the
immunopro�les among different pathological types. First, we compared benign breast samples' adenosis,
�broadenoma, and chronic mastitis. Generally, among these three common benign diseases, the
percentages of T cells, B cells and macrophages showed no obvious difference, even the subtypes of
macrophages (SFigure 3A). Individual pathological type of these benign tissues showed similar
immunopro�les that macrophages and M2 subtypes were the dominant immune cells, which were mainly
localized in the gland areas (SFigure 3B-D). Our carcinoma samples included 7 pathological types,
namely ductal carcinoma in situ (DCIS), non-speci�c invasive carcinoma, metaplastic carcinoma,
papillary microcarcinoma, characteristic neuroendocrine carcinoma, invasive lobular carcinoma and
medullary carcinoma. Results showed that macrophages were the most differentiated immune cells
among different pathological types (Figure 3A). Characteristic neuroendocrine carcinoma had slightly
more T cells than non-speci�c invasive and metaplastic carcinoma (Figure 3A). Percentages of B cells
were comparable among different pathological types, except DCIS and non-speci�c invasive carcinoma
(Figure 3A). The total percentages of macrophages seemed to display a malignant-degree-related
manner, namely DCIS was lower than all other non-DCIS samples except for papillary microcarcinoma
(Figure 3A). Interestingly, the M1 subtype displayed signi�cantly higher percentages in non-speci�c
invasive carcinoma and invasive lobular carcinoma than medullary carcinoma, which mainly functioned
as anti-tumor cells (Figure 3B). On the contrary, the M2 subtype was much lower in DCIS than non-
speci�c invasive and metaplastic carcinoma, as tumor-promoting cells (Figure 3B). Of note, leach
pathological type of cancer samples showed sundry immune pro�les with similar general characteristics,
that macrophages were the major cells in stroma areas (SFigure 4).

According to the above results, we found that different pathological types generally had similar
immunopro�les, especially in the benign diseases. However, the percentages of macrophages and M2
subtype in the malignant tissues were increased in a malignant-degree-related manner.

2.2.3. Immunopro�les among different molecular types of
malignant tissues
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During past decades, molecular classi�cation ameliorated the therapy of breast cancer in addition to the
pathological diagnosis [2]. Thus, we next compared the immunopro�les among different molecular types
of malignant tissues, namely Luminal A, Luminal B, HER2 positive and TNBC types. Generally, T cells, B
cells and macrophages showed no obvious difference among the four molecular types (Figure 4A).
Notably, both CD68+CD163+ M2 and CD68+TLR4+ M1 macrophages had the lowest proportions in TNBC
(Figure 4A). Furthermore, we separately analyzed the immunopro�les in tumor/gland or stromal areas. B
cells showed higher percentages in HER2 positive than TNBC and Luminal types in the stromal areas
(Figure 4B). In the stromal areas, both CD68+CD163+ M2 macrophages and CD68+CD40+ TAMs were
upregulated in the HER2 positive type than the Luminal types (Figure 4B). However, the tumor/gland or
adjacent areas showed no signi�cant discrepancy during these molecular types (Figure 4B). We also
analyzed the immune cells in a single molecular type, and they showed similar proportions of immune
cells as general cancer immunopro�les, except the macrophage subtypes in TNBC (SFigure 5).

In a short conclusion, comparing the immunopro�les of different molecular types, macrophages and their
subtypes showed the dominant difference, especially in TNBC and HER2+ types.

2.2.4. Immunopro�les between para-cancer and cancer
tissues
From the above results, we could conclude that different molecular types, pathological types and non-
carcinoma tissues mainly had in�ltrating differences in macrophages. Some recent bioinformatic
analysis indicated that para-cancer tissues also had genetic mutations at the initial phase or
development stage [19, 20]. Thus, we further compared the corresponding para-cancer with cancer
tissues. The proportions of T cells, B cells and macrophages showed no difference between para-cancer
and cancer tissues (Figure 5A). But all the three subtypes of macrophages in the para-cancer tissues were
much higher than those in the cancer tissues (Figure 5A). However, the immune cells in para-cancer
showed similar characteristic with benign samples (Figure 5B and 5C). Our data here indicated that the
para-cancer tissues had different immunopro�les with cancer tissues, which was more similar with
benign tissues, and macrophage subtypes showed signi�cant differences with cancer tissues.

2.2.5. Immunopro�les among different clinical stages
At last, we divided samples into three clinic stages according to the size of tumor and lymphatic
metastasis, namely stage I, II and III. Due to the limited number of DCIS cases, we combined DCIS and
stage I together in our analysis. We found that macrophage levels were apparently higher in stage III than
stage I, while T cells and B cells showed no obvious difference (Figure 6A). Furthermore, during the
development from DCIS and stage I to stage II or III, the percentages of both M2 and M1 macrophages
were signi�cantly increased, and TAM displayed decreased tendency (Figure 6B). However, when we
separately analyzed the immune cells in the tumor/gland and stromal areas, T cells, B cells and
macrophages showed no difference in separate areas (SFigure 6).
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2.2.6. Bioinformatic analysis of immune cells in breast
cancer
According to our above data, macrophages and M2 subtype were the iconic immune cell types in breast
cancer during tumorigenesis and development. Thus, we applied bioinformatic analysis using TCGA and
GEO database to further analyze their prognostic values and potential regulatory pathways of
macrophages in breast cancer. Results showed similar changes with our MI/IHC data. Macrophage/M0
was much higher in tumor tissues than non-cancer ones, and B cells were lower in tumor tissues (Figure
7A). We further divided T cells into subtypes, which showed contrary changes among each other in the
TME (Figure 7A). Interestingly, from the TCGA database we found that tumor tissues had higher M1 and
lower M2 than normal ones, which contrasted with the previous hypothesis [21] but was consistent with
our data (Figure 7A and 2C). Furthermore, we compared the individual immune cell type among different
molecular types, and found that TNBC showed the most signi�cant difference, that TNBC had lower
in�ltrating levels of B cells than Luminal A and B, and showed the highest levels of M0 and M1, while the
lowest level of M2 (Figure 7B). Next, we divided the in�ltrating cells into high and low levels, and
investigated the survival correlation with breast cancer. Results showed that except for B cells, only M2
macrophages showed signi�cantly negative in�uence on the survival rate (Figure 7C). Corresponding to
the abundance of B cell subtypes, their in�ltrating levels displayed contrary relationships with survival
rates between the two subtypes (Figure 7C). Additionally, we used COX Multivariate and Univariate
analysis to further investigate the outcomes of M2 in breast cancer together with other well-known clinic
factors, TNM, age, stage and molecular types. M2 macrophages showed the strongest indicated values in
breast cancer outcomes (Table 1).

Meanwhile, we compared 3875 differentially expressed genes (DEGs) between breast cancer and normal
tissues identi�ed based on the GSE42568 dataset from GEO database with 1793 immune related genes
(IRGs) acquired from the ImmPort database, and obtained 268 genes overlapped (Figure 8A and B). We
further constructed protein-protein interaction (PPI) network of these 268 genes and screened out the
most signi�cant module. Then, we analyzed the biological functions of genes included in this module,
and found that IRF3 (interferon regulatory factor 3), IRF7 and NOD2 (Nucleotide Binding Oligomerization
Domain Containing 2) were upregulated in macrophage apoptosis process of breast cancer (Figure 8C
and D).

3. Discussion
Breast cancer is the prevalent carcinoma in human and the immunopro�le in TME has been proven to
play critical roles in tumor occurrence, development, prognosis and treatment [5, 6]. In�ltrating immune
cells contain T cells (CD4 T resting, CD4 T activate, Tregs, T helper, CD8 and Tγ-δ), B cells (B naive and
memory), macrophages (M0, M1 and M2), NK cells (NK resting and activate), DC cells (DC resting and
activate), monocytes, neutrophils and eosinophils [22–25]. Studies indicated that macrophages had a
wide range of subtypes in past decades with various cell markers, such as CD206, CD64, MHC , MerTK,
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Siglec-1, Ly6C, Lyve1 and CX3CR1 [26–28]. Due to different localized environments or precipitating
factors, macrophages were divided into more sophisticated subtypes, such as M2a, M2b, M2c, M2d and
TAM [29]. TAMs were under the intense discussion for decades due to high heterogeneity and various
functions in different cancer models [30, 31]. Appearing cell markers for TAMs, such as CD206, PM-2K,
CD40, COX2 and CCR2, led to deeper investigations of tumor associated macrophages [32–34].

In the current study, we used typical cell markers for different immune cell types, namely CD3 for T cells,
CD19 for B cells, CD68 for macrophages, CD68+TLR4+ for M1, CD68+CD163+ for M2 and CD68+CD40+

for TAM, to investigate the detailed immunopro�les of breast cancer with MI/IHC method, compared with
non-carcinoma, para-cancer and different pathological and molecular types. However, the selection of
macrophages subtypes, especially TAMs, was still ambiguous, because studies showed that TAMs
resembled not only M2 subtype, but also contained M1-like subtype with diverse cell markers [35, 36]. Of
note, in the benign samples of this study, we also clearly identi�ed the CD68+CD40+ TAM subtype
(SFigure 2A, green arrows). Thus, the novel and speci�c TAM cell markers are still urgent need to be
found.

We collected 140 cases of breast tissues containing benign and malignant diseases, but we only had two
DCIS and two male patients, which had limitations in investigating these clinic classi�cations. Also, we
lost 18 samples during the staining process. However, our available samples were statistically su�cient
with molecular equilibrium and pathological types. Similar with the bioinformatic analysis results (Figure
7), our sample generally indicated the immunopro�les of breast cancer, and even showed more precise
differences among various sample types.

Compared between benign and malignant samples, our data indicated that the immune cells transferred
from gland/para-gland to stromal areas (Figure 2 and SFigure 2) and the percentages of macrophages
and T cells increased signi�cantly, while B cells decreased (Figure 2). Studies showed that regulations of
interstitial components of tumor tissues were crucial to tumorigenesis and metastasis [37, 38], and our
data further veri�ed the re-localization of immune cells, especially M2 in altering the TME and promoted
the tumor-promoting changes in the matrix formation and angiogenesis [39–41]. Due to the shortage of
MI/IHC method, we did not further classify subtypes of T cells and B cells, which might show diverse
in�ltrating levels as results of bioinformatic analysis (Figure 7). In the current study, we concluded that
M2 was the highest subtype in tumor environment than M1 and TAM (Figure 2C and 2G). However, some
studies indicated that TAM was the dominant macrophage subtype in breast cancer [42]. First of all, as
discussed above, different cell markers used to label TAMs contributed to the contrary results, even
regarding CD206+ or CD163+ as TAM, which was normally regarded as M2 markers [34, 43]. Second, we
found that even T cells or B cells showed overlapped staining with both CD3+ and CD19+ in MI/IHC. We
analyzed the immune cell phenotypes using double-positive mode, during which we discarded the non-
speci�c double-positive cells and only count single positive cells. Of note, we found that CD68+CD40+

TAM also had CD163 or TLR4 positive binding, indicating that TAMs had a high level of heterogeneity.
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By comparing benign with malignant samples, different pathological types, molecular types, para-cancer
with cancer samples, and different stages, our study indicated that macrophages, especially the M2
subtype, were the most obviously regulated immune cells that were stably and highly expressed in breast
cancer with a malignant degree-dependent manner. Some studies also correlated the percentages of M2
in peripheral circulation with the poor prognosis in breast cancer patients [44]. Our MI/IHC data together
with bioinformatic analysis results consistently further indicated that the in�ltrating levels of M2 were
correlated with tumorigenesis and malignant degree. To further investigated the macrophage regulation
or differentiation mechanisms, we compared the DEGs between breast cancer and normal tissues,
overlapped with immune-related gene database, and obtained 26 potential DEG-IRGs (Figure 8).
Combining our data of macrophage characteristics, we further applied GO analysis targeting macrophage
biological regulations, and obtained single macrophage related biological function, namely macrophage
apoptosis process, IRF3, IRF7 and NOD2 were all upregulated in breast cancer. IRF3 and IRF7 were key
transcription factors involving in diverse pathways, including immune regulation, interferon response, and
viral response [45, 46]. NOD2 is a member of the Nod1/Apaf-1 family, and was mainly involved in the
in�ammatory response and NFκB activation [47]. Their dysregulation in breast cancer and correlation
with macrophage functions indicated the potential targeting values in cancer therapy.

4. Conclusion
In summary, the current study investigated the immunopro�les of breast cancer by applying a more
e�cient method, multiplexed immuno�uorescence staining, compared with benign samples and within
diverse molecular types. We found that macrophages, especially M2 subtype rather than TAM, showed
dramatic differences during tumorigenesis and development, and also displayed a malignancy-related
pattern. Bioinformatic analysis further veri�ed that M2 subtype was closely related with breast cancer
survival rate. IRF3, IRF7 and NOD2, in the regulation pathway of macrophages, were promising gene
targets in the future studies.

5. Methods

5.1. Patients
The MI/IHC in this study was performed with a tissue chip, produced with breast tissues from 151
patients from Zhongnan Hospital containing benign and malignant cases. Patients with breast cancer
accepted surgery and informed consent. This study includes 18 benign cases, 10 para-cancer samples
and 123 malignant cases, which cover 37 Luminal A, 32 Luminal B, 35 HER2+ and 19 TNBC subtypes
according to the expression standard of National Comprehensive Cancer Network guideline in 2021 [48]
(STable 1). Zhongnan Hospital approved the protocol of this study, and all the data obtained from
patients were strictly complied with relevant ethical requirements.

5.2. Multiplexed Immuno�uorescence
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Multiplexed immuno�uorescence was performed using PerkinElmer Opal 7-Color Manual IHC kit
(NEL811001KT, Perkin-Elmer, Waltham, MA, USA). The tissue chip was acquired as 4-µm thick with 1-µm
diameter of each sample. After depara�nization, the chip section was rehydrated, antigen was restored in
Tris-EDTA buffer (pH9.0) using microwave, and 3% hydrogen peroxide was used to inactivate
endogenous peroxidase. The following steps of multiplexed IHC were followed consecutively for each
marker: blocked non-speci�c markers with goat serum (G9023, Sigma, USA), followed by incubation with
primary antibody for 1 h, detection using Opal Polymer HRP Ms/Rb secondary antibody (PerkinElmer,
Waltham, MA, USA), and visualization using Opal tyramide signal ampli�cation (TSA)-Fluorescein
(diluted with Ampli�cation Dilution), after which the section was placed in 1×AR6 Buffer and heated
using microwave. The primary antibodies and corresponding TSA used for each protein were as follows:
Opal 520 for anti-CD3 (60181-1-Ig), Opal 540 for anti-CD68 (66231-2-Ig), Opal 570 for anti-CD163 (16646-
1-AP), Opal 620 for anti-CD19 (66298-1-Ig), Opal 650 for anti-CD40 (66965-1-Ig), and Opal 690 for anti-
TLR4 (22048, Abcam, Waltham, USA). The primary antibodies were purchased from Proteintech,
Rosemont, USA unless mentioned. The methods have been introduced in details in previous studies [49].

5.3. Multispectral Image Scanning and Quantitative Analysis
After staining with 6 Opal TSA-Fluorescein and nuclear dying DAPI, the spectral information of the tissue
chip was captured and split in the Vectra 3.0 Automated Quantitative Pathology Imaging System
(PerkinElmer, Waltham, MA, USA). The stained section was scanned at 20x (multiplexed IHC and
hematoxylin/eosin) including the total dot area of each sample. The image �les created by Vectra were
then analyzed using Inform 2.1 image analysis software (PerkinElmer, Waltham, MA, USA). Due to the
heterogeneity during the tissue preparation and staining of 151 dots in the chip, it was inaccurate to set
up one spectral library to bench analysis of all the samples instead of individual analysis. As shown in
the analysis �ow chart (Figure 1B), each �uorescent intensity was �rstly adjusted to proper visual
performance. The tumor/gland or stromal segment was then selected with classical histological
characteristics, followed by automatic segment division. This step could be skipped, and the
general/total immune pro�les were investigated. Next, the analysis values of nucleus and cytoplasm were
determined by nuclear size, nuclear splitting sensitivity, thickness of membrane and others to precisely
select single cells. At least 5 typically positive cells of each single phenotype were selected, and the total
sample dots were used for the cell phenotype map. Finally, the positive cell proportion was scored
according to the �uorescent intensity in the double-positive analysis, exporting the percentage data of
single positive of CD3, CD19 and CD68, and double-positive of CD68-CD163, CD68-TLR4 and CD68-CD40
for further analysis.

5.4. Bioinformatic Analysis
We downloaded RNA-seq data and clinical information of breast cancer from The Cancer Genome Atlas
(TCGA, https://portal.gdc.cancer.gov), 1,109 cancer and 113 corresponding para-cancerous tissues were
collected. To assess the tumor microenvironment in BRCA, we calculated 22 types of immune cells’
abundances based on the CIBERSORT algorithm. We �rst performed differential immune cell in�ltration
analysis between cancer and para-cancerous tissues. The patients with survival time ≥30 days were
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included in the survival analysis, and divided into high and low immune cell in�ltration groups according
to the median immune cell (macrophages, B cells, T cells) relative proportion. Survival curves were
established using Kaplan-Meier analysis and compared by log-rank testing, p<0.05 was considered as
statistically signi�cant. To assess whether the immune cell in�ltration level can act as an independent
prognosis-related factor, univariate Cox regression analysis and multivariate Cox regression analysis were
performed, p<0.05 was considered as statistically signi�cant. Furthermore, we evaluated the in�ltration
levels of immune cells in four different breast cancer subtypes: Basal-like (n=139), HER2+ (n=43),
Luminal A (n=404), Luminal B (n=178). Wilcox test was used to analyze the statistical signi�cance and
p<0.05 was considered as statistically signi�cant.

Meanwhile, we also downloaded the GSE42568 dataset (raw CEL �le and GPL �le) from GEO database,
which was based on GPL570 Platforms ([HG-U133_Plus_2] Affymetrix Human Genome U133 Plus 2.0
Array) and contained 104 primary breast cancer and 17 normal breast biopsies gene chips. After quality
control, a total of 94 cancer samples and 14 normal breast samples were obtained, based on which, we
identi�ed the DEGs in breast cancer compared with normal samples using R package “limma” with
log2Fold Change>1, adjust p-value<0.05. The IRGs were obtained from the ImmPort database
(https://www.immport.org/home). Then, the Venn diagram was portrayed using an online tool
(http://bioinformatics.psb.ugent.be/webtools/Venn/) to get the overlapping genes between DEGs and
IRGs. Next, we employed the STRING (https://www.string-db.org) tool to construct PPI network of
overlapping genes with Pearson correlation coe�cient≥0.4 and reproduced the network using Cytoscape.
Subsequently, plug-in MCODE of Cytoscape was used to detect the densely connected regions (i.e.,
modules) of networks, the criteria of which was a degree cut-off=2, MCODE scores≥4, Max. Depth=100,
k-score=2 and node score cut-off = 0.2. Moreover, the enrichment analysis was performed with
Metascape resource (http://metascape.org).

5.5. Statistical Analysis
The data were analyzed with the 2-way and one-way ANOVA with Tukey test or 2-tailed unpaired t-test to
express the differences in immune cellular densities among various types or segments. GraphPad Prism
9 software (GraphPad, CA, USA) was used for statistical analyses. All p<0.05 were considered to be
statistically signi�cant.

Abbreviations
DCIS, ductal carcinoma in situ; DEGs, differentially expressed genes; ER, estrogen receptor; FC, �ow
cytometry; HER2, human epidermal growth factor receptor 2; IHC, immunohistochemistry; IRF3, interferon
regulatory factor 3; IRGs, immune related genes; MI/IHC, multiplexed
immuno�uorescence/immunohistochemistry; NK, natural killer cells; NOD2, nucleotide binding
oligomerization domain containing 2; PD-1, programmed cell death protein-1; PD-L1, PD-1 ligand 1; PPI,
protein-protein interaction; PR, progesterone receptor; TAM, tumor-associated macrophage; TNBC, triple-
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negative breast cancer; TME, tumor microenvironment; Treg, T regulatory cells; TSA, tyramide signal
ampli�cation.
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Figure 1

The immune cell phenotypes analysis �ow chart with InForm software.

Images were captured at 200x magni�cation with AKOYA-Vectra 3, and were analyzed with InForm 2.1
software. A) Multiple �uorescent dyes were coupled as follows: Opal 520 for anti-CD3 (green), Opal 540
for anti-CD68 (blue), Opal 570 for anti-CD163 (purple), Opal 620 for anti-CD19 (pink), Opal 650 for anti-
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CD40 (orange), and Opal 690 for anti-TLR4 (red) as showed. B) Each sample was analyzed individually
with 6 phenotype markers in total or segmental areas as displayed.

Figure 2

The general immune phenotype analysis between non-carcinoma and carcinoma tissues in total or
segmental areas.
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Percentages of CD3+ T cells, CD19+ B cells, CD68+ macrophages and their subtypes (CD68+TLR4+ M1,
CD68+CD163+ M2 and CD68+CD40+ TAM) were compared between the non-carcinoma and carcinoma
tissues in total or segmental areas. A) Image from one cancer sample and showed the stromal in�ltrating
immune cells. B-C) The contradistinctions among T cells, B cells, macrophages and their subtypes of
carcinoma samples in total area B), and in segmental areas C) in cancer samples. D-G) The comparisons
between the benign and carcinoma samples in total area D-E), and in segmental areas F-G). The data
were analyzed with the 2-way and one-way ANOVA with Tukey test or 2-tailed unpaired t test. *, p<0.05; **,
p<0.01; ***, p<0.005; ****, p<0.001.
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Figure 3

The immune phenotype analysis among different pathological types of the malignant tissues.

A) The percentages of T cells, B cells and macrophages. B) The percentages of macrophage subtypes.
The data were analyzed with the 2-way and one-way ANOVA with Tukey test or 2-tailed unpaired t test. *,
p<0.05; **, p<0.01; ***, p<0.005; ****, p<0.001.
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Figure 4

The immune phenotype analysis among different molecular types of malignant tissues in total or
segmental areas.

A) The general immunopro�les among different molecular types in total area. B) In segmental areas, the
different immune cells among different molecular types. The data were analyzed with the 2-way and one-
way ANOVA with Tukey test or 2-tailed unpaired t test. *, p<0.05; **, p<0.01; ***, p<0.005; ****, p<0.001.
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Figure 5

The immune phenotype analysis between the para-cancer and cancer tissues.

A) The general immune pro�les between the para-cancer and cancer tissues including T cells, B cells,
macrophages and macrophage subtypes. B) Images from para-cancer and cancer samples. Red arrows
showed different immune cells in gland areas or stromal ares. C) The immunopro�les in the para-cancer
samples in total and segmental areas. The data were analyzed with the 2-way and one-way ANOVA with
Tukey test or 2-tailed unpaired t test. *, p<0.05; **, p<0.01; ***, p<0.005; ****, p<0.001.
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Figure 6

The immune phenotype analysis among different clinical stages.

A) The general immunopro�les among stages of Tis-I, II and III tissues including T cells, B cells and
macrophages. B) The percentages of macrophage subtypes. The data were analyzed with the 2-way and
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one-way ANOVA with Tukey test or 2-tailed unpaired t test. *, p<0.05; **, p<0.01; ***, p<0.005; ****,
p<0.001.

 

Figure 7
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Survival and correlation analysis of various immune cells according to bioinformatic data.

A) The cell abundance map of 21 immune cell types in breast cancer compared with normal tissues. B)
The immune cell abundance of different subtypes of B cells, T cells and macrophages among various
molecular types. C) Survival analysis of immune cells in breast cancer. The data were analyzed with the
2-way and one-way ANOVA with Tukey test or 2-tailed unpaired t test. *, p<0.05; **, p<0.01; ***, p<0.005;
****, p<0.001.
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Figure 8

DEG analysis correlated with potential macrophage-related biological functions of breast cancer.

A) DEG identi�cation based on GSE42568 dataset. B) The overlapping genes between DEGs and IRGs. C)
PPI network constructed by 268 overlapping genes. D) The most signi�cant module sorted out from PPI
network and potential macrophage-related biological process enriched by the 3 framed genes.  
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