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Editorial

Bridging Discoveries and Treatments: The New Landscape of
Breast Cancer Research
Taobo Hu 1,* , Lei Wang 2,*, Riccardo Autelli 3,* and Mengping Long 4,*
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2 International Cancer Center, Shenzhen University, Shenzhen 518060, China
3 Department of Clinical and Biological Sciences, University of Turin, 10125 Turin, Italy
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mplong@bjmu.edu.cn (M.L.)

Welcome to our Special Issue, “Advances in Breast Cancer Research and Treatment”
of Life, where we have embarked on a comprehensive exploration of groundbreaking
studies that advance our understanding and management of breast cancer. Each paper
contributes uniquely to the evolving landscape of breast cancer research, ranging from the
clinicopathological characteristics of breast carcinoma with neuroendocrine features [1],
the identification of hub genes in the context of non-alcoholic fatty liver disease and triple-
negative breast cancer [2], to advancements in diagnostic techniques [3], and the exploration
of immunotherapy biomarkers [4]. Some of the topics covered include innovative methods
for breast cancer classification combining transfer learning and attention mechanisms [5]
and the role of diffusion-weighted imaging in breast cancer diagnosis among young pa-
tients [6]. The collective insights presented here not only underscore the complexity of this
disease but also highlight the promising pathways toward more effective treatments and
improved patient outcomes.

1. Highlights from This Special Issue
1.1. Application of Deep Learning in Breast Cancer Pathology Image Classification

The article “Improved Breast Cancer Classification through Combining Transfer Learn-
ing and Attention Mechanism” introduces a novel approach that enhances the accuracy
and interpretability of breast cancer histopathological image classification [5]. This method
utilizes modified pre-trained Convolutional Neural Network (CNN) models and atten-
tion mechanisms to emphasize localized features and enable accurate discrimination in
complex cases.

1.2. The Use of Diffusion-Weighted Imaging (DWI) in Young Breast Cancer Patients

“The Role of Diffusion-Weighted Imaging Based on Maximum-Intensity Projection
in Young Patients with Marked Background Parenchymal Enhancement on Contrast-
Enhanced Breast MRI” explores the application of DWI, particularly in young patients
with significant background parenchymal enhancement (BPE) on contrast-enhanced MRI
(CE-MRI) [6]. This study found that DWI outperforms CE-MRI in terms of lesion detection.

1.3. Association between Non-Alcoholic Fatty Liver Disease (NAFLD) and Triple-Negative Breast
Cancer (TNBC)

The article titled “Identification of Hub Genes and Biological Mechanisms Associated
with Non-Alcoholic Fatty Liver Disease and Triple-Negative Breast Cancer” identified hub
genes associated with NAFLD and TNBC by analyzing publicly available transcriptomic
data [2]. This study also explored the potential co-pathogenesis and prognostic linkage
between these two diseases.
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1.4. Breast Cancer Exposomics

The review titled “Breast Cancer Exposomics” discusses the impact of environmental
exposures on the development of breast cancer, including the roles of environmental toxins,
dietary components, psychosocial stressors, and their associated biological processes and
molecular pathways [7]. This review emphasized the role of food and nutrition, as well as
endocrine-disrupting chemicals (EDCs), in breast cancer development.

1.5. The Foundational Role of Breast Cancer Cell Lines in Cancer Research

“Molecular, Cellular, and Technical Aspects of Breast Cancer Cell Lines as a Foun-
dational Tool in Cancer Research” reviews the history and origins of breast cancer cell
lines and analyzes the molecular pathways that pharmaceutical drugs apply to these cell
lines in vitro and in vivo [8]. This review also discussed controversies regarding the use of
patient-derived xenografts (PDXs) versus cell-derived xenograft (CDXs) and 2D versus 3D
cell culturing techniques.

1.6. Progress and Challenges of Immunotherapy Predictive Biomarkers for Triple-Negative
Breast Cancer

“Progress and Challenges of Immunotherapy Predictive Biomarkers for Triple Neg-
ative Breast Cancer in the Era of Single-Cell Multi-Omics” discusses the advancements
in single-cell sequencing techniques that have allowed for a deeper exploration of the
complex and heterogeneous TNBC tumor microenvironment [4]. This review highlighted
the potential of single-cell multi-omics analysis for identifying more effective biomarkers
and personalized treatment strategies for TNBC patients.

1.7. Adverse Events of PD-1 or PD-L1 Inhibitors in Triple-Negative Breast Cancer

“Adverse Events of PD-1 or PD-L1 Inhibitors in Triple-Negative Breast Cancer: A Sys-
tematic Review and Meta-Analysis” provides a comprehensive understanding of treatment-
related adverse events when using PD-1 or PD-L1 inhibitors in TNBC [9]. This study
included an analysis of the incidence of serious immune-related adverse events and sug-
gested considerations for their management.

1.8. In Silico Analysis of Triple-Negative Breast Cancer-Specific Biomarkers

“In Silico Analysis of Publicly Available Transcriptomic Data for the Identification of
Triple-Negative Breast Cancer-Specific Biomarkers” employed in silico analyses to identify
biomarkers for triple-negative breast cancer (TNBC), a subtype with limited treatment
options [10]. Using publicly available transcriptomic data, the researchers of this study
identified 34 differentially expressed genes (DEGs) associated with TNBC. These findings
could help in developing targeted therapies and improving diagnostic accuracy.

1.9. Neuroendocrine Breast Carcinoma: Characteristics and Prognosis

“Clinicopathological Characteristics and Prognostic Profiles of Breast Carcinoma with
Neuroendocrine Features” examined the clinicopathological characteristics and prognostic
outcomes of breast carcinoma with neuroendocrine features [1]. This study found that these
tumors are generally hormone receptor-positive and have a higher prevalence among post-
menopausal women. Factors such as diabetes and advanced disease stage were associated
with poorer progression-free survival.

1.10. Advancements in Post-Mastectomy Breast Reconstruction

“Breast Reconstruction following Mastectomy for Breast Cancer or Prophylactic Mas-
tectomy: Therapeutic Options and Results” discusses various reconstructive options fol-
lowing mastectomy for breast cancer or as a preventive measure [11]. It highlights the
evolution of techniques and materials that offer women more choices for breast restoration,
aiming to improve psychological outcomes and quality of life after surgery.
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1.11. Artificial Intelligence in Breast Cancer Diagnosis: Patient Perspectives

“Patients’ Perceptions and Attitudes to the Use of Artificial Intelligence in Breast
Cancer Diagnosis: A Narrative Review” synthesizes patient perspectives on the use of
artificial intelligence (AI) in breast cancer diagnostics [3]. It reveals that while there is
interest in AI’s potential to improve diagnostic accuracy, there is also significant concern
regarding trust and the desire for human oversight in the diagnostic process.

1.12. Investigating the Role of Eosinophils in Reactive Breast Stroma

“Eosinophilic Dermatoses: Cause of Non-Infectious Erythema after Volume Replace-
ment with Diced Acellular Dermal Matrix in Breast Cancer?” explores the role of eosinophils
in reactive breast stroma, particularly in the context of inflammation and tumor microenvi-
ronment interactions [12]. The findings of this study suggested that eosinophils may play
a part in the breast’s response to tumor presence, although their exact role remains to be
fully understood.

2. Advancing Frontlines: New Perspectives in Breast Cancer Research

Currently, several critical areas in breast cancer research are drawing considerable
attention. Among them, significant advancements in immunotherapy, particularly for
TNBC, are at the forefront [13]. TNBC is known for its aggressive nature and lack of
targeted therapies, which makes the development of effective immunotherapy treatments
especially crucial [14]. These treatments aim to harness the body’s immune system to
better recognize and combat cancer cells, offering new hope for improving survival rates
in a subgroup of breast cancer that has traditionally been challenging to treat [15]. Recent
studies have highlighted the effectiveness of treatments like pembrolizumab, which, when
combined with chemotherapy, has shown to improve survival rates in patients with high-
risk early-stage TNBC [16,17].

Another major area of focus is the management of HER2-positive breast cancer. This
subtype, characterized by the overexpression of the HER2 protein, has seen transformative
treatments in recent decades, such as targeted therapies that significantly improve patient
outcomes [18]. Research is ongoing to enhance these therapies’ efficacy and reduce side
effects, ensuring more patients can benefit from these advanced treatments [19,20].

Additionally, the role and optimization of radiotherapy in breast cancer treatment pro-
tocols remain critical [21]. Radiotherapy is a cornerstone of breast cancer management, used
both in the early and more advanced stages of this disease [22]. Innovations in radiotherapy
techniques aim to increase the precision and effectiveness of radiation delivery, minimize
damage to surrounding healthy tissues, and enhance its cancer-killing capabilities [23,24].

These research topics reflect a concerted and multidisciplinary effort to improve patient
survival rates, manage risk factors more effectively, and refine surgical and chemotherapy
strategies to offer tailored and less invasive treatment options. By pushing the boundaries
in these key areas, researchers hope to not only extend the lives of those diagnosed with
breast cancer but also improve their quality of life during and after treatment [25].

3. Final Reflections

This Special Issue embodies our collective quest to understand the complexities of
breast cancer through cutting-edge research and to translate these discoveries into action-
able treatments that improve patient outcomes. Through a multidisciplinary lens, we
explore innovative diagnostic tools [5,10], breakthrough therapies [4,9], and pioneering
surgical techniques [11] that are reshaping the way we approach this disease. Our contrib-
utors, leading experts in their fields, offer insights into the evolving paradigms of breast
cancer management, from molecular genetics to personalized medicine. Their work not
only reflects the current state of knowledge but also charts a course for future research
directions. We invite you to delve into these pages, where the synergy of scientific discov-
ery and clinical excellence illuminates the path toward a world with more effective breast
cancer treatments.
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Molecular, Cellular, and Technical Aspects of Breast Cancer Cell
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Abstract: Breast cancer comprises about 30% of all new female cancers each year and is the most
common malignant cancer in women in the United States. Breast cancer cell lines have been harnessed
for many years as a foundation for in vitro analytic studies to understand the use of cancer prevention
and therapy. There has yet to be a compilation of works to analyze the pitfalls, novel discoveries, and
essential techniques for breast cancer cell line studies in a scientific context. In this article, we review
the history of breast cancer cell lines and their origins, as well as analyze the molecular pathways
that pharmaceutical drugs apply to breast cancer cell lines in vitro and in vivo. Controversies
regarding the origins of certain breast cancer cell lines, the benefits of utilizing Patient-Derived
Xenograft (PDX) versus Cell-Derived Xenograft (CDX), and 2D versus 3D cell culturing techniques
will be analyzed. Novel outcomes from epigenetic discovery with dietary compound usage are also
discussed. This review is intended to create a foundational tool that will aid investigators when
choosing a breast cancer cell line to use in multiple expanding areas such as epigenetic discovery,
xenograft experimentation, and cancer prevention, among other areas.

Keywords: breast cancer; cell lines; molecular pathways; epigenetics; xenograft; cancer prevention;
cancer therapy

1. Introduction

Breast cancer cells have been utilized for over 50 years to establish various techniques
to give prognosis and treatment for breast cancer. Many well-known mechanisms have
been utilized and analyzed with the use of breast cancer cell line research. For example,
Trastuzumab monotherapy (brand name Herceptin) is used to treat breast cancer patients
with amplified or over-expressed human epidermal growth factor 2 (HER2+) in the body [1].
Researchers used Herceptin, which can also be combined with chemotherapy, to analyze
the pathophysiologies of over 51 breast cancer cell lines with abnormalities in the genome
which mirror over 145 primary breast cancer tumor types [2]. The process of cultivating
human cells for research received impetus in 1951 when George Gey established the HeLa
cell line named after Henrietta Lacks who had cervical carcinoma [3]. About eight years
later, HeLa cells were established [4]. The first breast cancer cell line, referred to as BT-20,
was established in the 1950′s and, since then, many other breast cancer cell lines have
been established, such as MCF7 and MDA-MB-231 cells [5]. By analyzing these breast

Life 2023, 13, 2311. https://doi.org/10.3390/life13122311 https://www.mdpi.com/journal/life6
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cancer cell lines, researchers can distinguish between different molecular aberrations to
facilitate the identification of mechanisms that can help prevent or decrease the occurrence
of breast cancer through therapeutical practices. Even though various breast cancer cell
lines have been vital, challenges can occur, such as contamination due to poor technique or
genetic drift due to over-passaging of breast cancer cells. Researchers have documented
this instance of contamination from HeLa cells to other cultures that caused a large amount
of ‘false cell lines’ to be produced [6].

Since then, many advancements have been made to categorize, illustrate, and utilize
various breast cancer cell types for use by investigators. Notably, the MD Anderson
series of various breast cancer cell lines that are known worldwide was established in
1973 at the Michigan Cancer Foundation [7]. T47D, MCF7, MDA-MB-231, and MDA-
MB-157 are just a few breast cancer cell lines that have been used in vitro over the years
to translate to in vivo studies. They have even found utility in studies of treatment for
human breast cancer, e.g., Herceptin was found to predict the therapeutic response in
many HER2+ cell lines such as SK-BR-3 [2]. Many have found that breast cancer cell
lines are also modified by changes in gene expression that can be heritable from cell to
cell, but do not modify DNA sequences [8]. This aspect of epigenetics has been shown
through many different mechanisms such as chromatin remodeling, DNA methylation,
effects from non-coding RNA, and histone modifications [9]. Some enzymes perform
essential tasks within the epigenome to silence (e.g., DNA methyltransferase and histone
deacetylase) or activate (e.g., histone acetyltransferase) genes in cells during development.
Other methyltransferases can impact epigenetics by either altering the concentration of the
methyl donors or creating a metabolic methylation sink. An example of this is the enzyme
Nicotinamide N-methyltransferase (NNMT) which promotes epigenetic remodeling in
breast cancer and affects all other NAD+ dependent enzymes such as poly-ADP ribose
polymerases (PARPs) and sirtuins [10,11]. In addition, research has been performed using
combinations of various dietary phytochemicals that induce inhibition of these silencing
enzymes to analyze a decrease in the growth of cancerous cell lines [12].

There are remaining issues regarding cross-contamination when handling cell lines
that could cause a crisis during experimentation [13]. This can occur, although proper
sterilization and techniques are always helpful to combat inconsistencies. Cell line research
can also translate to in vivo experiments when new connections are being constructed. For
example, the gut microbiome has been analyzed to investigate any contribution to breast
cancer prevention and treatment. Short-chain fatty acids such as sodium butyrate can be
generated in the gut microbiome by digestion of food, and these compounds have enzyme-
silencing properties that may contribute to a reduction in breast cancer development [14].
There has been a considerable amount of work performed with breast cancer cell lines, so
much so that it can be difficult to find the origin of certain cell line types and the reasoning
behind using a certain subtype in an experiment. Researchers need a foundational guide to
organize the many categories of breast cancer cell lines, techniques to sustain them, and
information on how to prevent contamination of these breast cancer cell lines. There have
been publications that list the classifications of breast cancer cell lines and how they reflect
heterogeneity from breast cancer [15]. However, there is a major gap in previous research to
show a comprehensive overview of modern cell culturing techniques and example breast
cancer cell lines that may apply when creating an experimental idea.

The purpose of this review is to analyze and organize previous research performed
on breast cancer cell lines to create a foundational starting point for investigators who are
involved with cell-culturing experiments. If a certain cell line type is needed, researchers
will be able to use this review for an overview of the origin of the cell line. Many investiga-
tors have made a large impact in this scientific field by classifying multiple types of breast
cancer cell lines and describing the morphologies of each [16]. This review will extend
such research by adding the techniques used to culture these categorized breast cancer
cell types and how to maintain the lines without contamination. Having a foundational
piece of work to guide researchers through the process of finding an ideal breast cancer
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cell line to work with during experimentation and key proteins or genes that they may be
able to study is a valuable aspect that this review will bring to this research field. Even
examples of techniques able to provide an ideal environment analogous to breast cancer
tissue in vivo, cell-derived xenograft versus patient-derived xenograft, and how breast
cancer cellular lines participate in creating pharmaceutical drugs that can execute functions
in molecular pathways will be discussed. Also, understanding key components that are
essential and may be detrimental to the growth of breast cancer cells will be explored.
Through this review, many aspects of cell line research will be considered in detail. The
goal is to categorize the various cell lines in such a way that investigators will be able to
use this resource as a tool to help focus experimentation and further study.

2. Methods

Multiple empirical and review articles were accessed to investigate previous research
on the history of breast cancer cell lines. PubMed and Google Scholar databases were
searched using the keywords breast cancer, cell lines, molecular pathways, epigenetics,
xenograft, cancer prevention, and cancer therapy. There was no meta-analysis, quantitative,
or qualitative synthesis performed. Some references were published more than five years
ago for the basis of grasping a history of cell line usage.

3. Results
3.1. Epigenetics and Breast Cancer

Analyses have been performed to discover the components of dietary phytochemicals
such as epigallocatechin and sulforaphane that have been shown to decrease breast cancer
risk [17]. These discoveries were originally performed with the use of in vitro cell lines
and have significantly advanced the field. Analyses such as cell viability assay [(MTT(4,5-
Dimethylthiazol-2-yl))] can reveal the number of cells that can survive from 3–7 days
of treatment with these dietary phytochemicals that have been studied to show DNA
methyltransferase (DNMT) and histone deacetylase (HDAC) inhibition. Gene-silencing
enzymes such as DNMTs can attach a methyl group to a portion of DNA called a CpG
(Cytosine–Phosphate–Guanine) island and prevent the transcription of that portion of DNA
from being expressed. The other silencing enzyme HDAC has the role of removing an acetyl
group from a histone structure, thus allowing the protein to be tightly coiled and unable
to proceed with transcription [9]. If the dietary phytochemicals mentioned can inhibit the
function of these silencing enzymes, more genes will undergo transcription and expression
in the cells. Thus, knowledge of DNMT and HDAC inhibition properties of certain dietary
phytochemicals is important to breast cancer cell line treatment and prevention in epigenetics.

Other experiments, such as western blot, PCR (Polymerase Chain Reaction), and
enzymatic activity assays when a proper concentration of treatment (e.g., dietary phyto-
chemicals) has been established, can be used to identify the optimal dosage to treat cancer
cells and decrease their growth without toxicity to the control cell line of non-transformed
cells. Studies have shown that some environmental factors can cause certain genes to be
either silenced or expressed in the human body. As evidence of this, twins can have the
same DNA but expressed differently based on the internal and external environment [18].
A common issue that often arises is the uncertainty of the exact number of polyphenols in
the foods that humans consume to associate with the impacts they may have on various
cancer types, specifically breast cancer [19]. This is why the use of breast cancer cell lines is
so essential for this purpose; an exact number of dietary phytochemicals can be tested on
cancerous cell lines to determine if there is a decrease in growth. Although research has
accumulated over the years, there is still a limited number of studies on breast cancer cell
lines [15]. In Table 1, various cell lines are shown that have been discovered to have either
estrogen receptor (ER), progesterone receptor (PR), luminal–HER2, HER2, or triple-negative
breast cancer basal-like/normal-like (TNBCA/B) properties along with the most beneficial
medium in which they can be grown. The type of cancer cell line is also listed along with
the morphology of the cancerous cell.
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These breast cancer cell lines were chosen based on being commonly used and well-
known with respect to various breast cancer cell line types. The TP53 and protein status
are also listed for the breast cancer cell lines. Multiple articles discuss p53 mutations and
how this gene is often called “the guardian of the genome”, as it can activate genes that
play a role in cell cycle arrest, apoptosis, and DNA repair. Mutations within this gene may
cause several aberrations to be multiplied and eventually produce proteins that are not
supposed to be expressed in the cells of the body [41]. The TP53 status of many breast
cancer cell lines can be identified to highlight the actual mutation within the DNA binding
domain. There has been much controversy over the years about the TP53 status and
how it can cause incorrect experimental interpretations. There is a collection of widely
used cell lines from the NCI-60 panel that have the TP53 mutant status collected for the
ICGC/TCGA Pan-cancer Analysis of Whole Genomes databases [20]. This Pan-Cancer
Project was established in 2006 and is an international collaboration for cancer genomics
and the molecular characterization of over 20,000 primary cancers to match over 50 cancer
types. By utilizing these mutation databases, analysis of TP53 gene variants can be executed
along with other important mutated genes in breast cancer research that are listed in Table 1.

3.2. Breast Cancer Cell Line Classification

There are many ways in which to classify breast cancer cell lines, although the most
common strategy that has been used over the past few decades entails immunohistochem-
istry (IHC) methods to recognize different hormone receptors such as ER, PR, and androgen
(AR) [21]. IHC has been utilized to distinguish the expression through the phenotype of
breast cancer cell lines with tyrosine kinase receptors such as HER2 and the Epidermal
Growth Factor receptor (EGFR) [21]. Figure 1 shows a simplified schematic of breast cancer
cell line types and their common characteristics according to the category. The first pub-
lished work using IHC techniques dates to 1941, while the discovery of these influential
hormone receptors to classify breast cancer cells dates back to 1940 (AR) and 1977 (ER and
PR) [42,43]. Some investigators also include a normal-like subtype to classify about 2–8%
of breast cancer that is also associated with Luminal A for being targeted with tamoxifen.
Additionally, there is an intermediate subtype, Luminal HER2+, that is closely related to
the HER2+ subtype owing to an overexpression of HER2 which has been linked to ER
downregulation [16]. Immunohistochemistry is a technique that utilizes various types of
antibodies to detect specific antigens in the tissue. The hormones estrogen, progesterone,
and androgen have been recognized to be more prevalent in breast cancer tissue, and
efforts have been made to target such a tissue through therapy or surgical approaches. By
deriving the tissue from patients, breast cancer cell lines have been used to perform further
tests that have become useful to treat different breast cancer types and reduce the risk of
breast cancer in general [44–46]. These hormonal receptors can be found embedded in
the phospholipid bilayer or free floating in the cytoplasm of many cells and function by
allowing estrogen, progesterone, or androgen to bind. This then causes translocation to the
nucleus or a cascade of enzymes to react and eventually silence or activate important genes
that regulate transcription and produce genes that cause breast cancer to progress.

The origin of the name for most of the breast cancer cell lines discussed below is based
on the scientists who derived the cell line, such as Zeida Rae for ZR-75-1 and Iafa Keydar
who established T-47D at Tel Aviv University in the 47th petri dish [47]. Most of the other
breast cancer cell line names originated from organizations such as the ‘M.D. Anderson
Hospital and Tumor Institute’ for the MD Anderson-Metastatic Breast series, ‘Streamlined
University of Michigan’ for the SUM series, ‘Hamon Cancer Center’ for HCC1569 and
HCC70. Certain breast cancer cell lines were named after the number of cells that grew
from a particular dish, such as the ‘BT’ series (BT-20, BT-549, BT-474), which includes the
first breast cancer cell line derived and which was named by the researcher that isolated
them, Etienne Y. Lasfargues, and the UACC-812 named by researchers from the ‘University
of Arizona Cancer Center’ to create the University of Arizona Cell Culture series [47]. The
MCF7 breast cancer cell line was named after the organization from which it was derived,
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the ‘Michigan Cancer Foundation’. The name AU565 originates from Adenocarcinoma
Unknown 565 [47], while SK-BR-3 is named after the Memorial-Sloan Kettering Cancer
Center, more specifically after the Sloan-Kettering Breast Cancer Cell Line 3 [47]. CAL148
breast cancer cell line owes its name to the Centre Antoine Lacassagne [47]. Hs 578T breast
cancer cell line has a name that originates from Homo sapiens or Human sarcoma based on
multiple sources [47].
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BC cell line examples; additional characteristics are also mentioned.

3.2.1. Hormonal Receptors

Breast cancer may be caused by the mutation of multiple genes that are usually silenced
or activated for expression. Many of these breast cancer cell lines are categorized by the
hormonal receptors ER, PR, and AR that are derived from the breast cancer patient of origin.
The absence or presence of the estrogen, progesterone, and androgen hormonal receptors
can determine what kind of breast cancer cell line investigators would obtain for breast
cancer experimentation. MDA-MB-453 breast cancer cell line, in particular, has a high
level of AR, which has been shown to play a vital role in breast cancer pathogenesis [48].
AR expression is prevalent in breast cancer subtypes and has been found to be about 50%
expressed in ER breast cancer types. The ER− or PR− status in breast cancer cell lines
can determine if AR-targeted hormone therapy would be beneficial [49]. There has been
treatment for ER through aromatase inhibition; however, this therapy technique alone may
increase androgens, so usage of the hormonal therapy tamoxifen is mostly recommended
to treat ER+ breast cancer in women and men [49]. As seen in Figure 2, the presence of
ER+ in the patient’s breast cancer tissue can be treated with tamoxifen therapy, considering
that ER+ may place breast cancer cell lines under the type Luminal A, the most prevalent
type that also has low levels of Ki-67. One of the many important protein biomarkers for
breast cancer is Ki-67 (derived from Kiel city and the number of the original clone 67).
This biomarker has been studied to show an association with tumor cell proliferation and
growth. When different types of tissue are tested through IHC monoclonal antibodies
and tested for the expression of Ki-67, a prognosis may be made about the threshold and
treatment available for patients [50]. Ki-67 was first studied by Scholzen to show that this
protein is vital for the progression of the cell cycle, since it is present in each cell phase (G1,
S, and G2, but not G0) [31,51,52].
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PR+ breast cancer cell lines can be associated with the Luminal A type along with
the Luminal B type that may be treated with tamoxifen hormonal therapy. The Luminal B
subtype has a higher level of Ki-67 expression with faster cancer cell growth. In Figure 2,
the HER2+ receptors are membrane-bound, showing that the targeted therapy for HER2+,
Herceptin, will need the ability to enter the cell to cause homo- or heterodimerization
through the cell signaling pathway [36]. HER2+ breast cancer cell type is also associated
with receptor tyrosine kinases (RTKs), which play a role in cellular functions such as cell
growth and survival. Other proteins that are RTKs are within the Erythoblastic oncogene B
(ErbB) family, such as ErbB-1 (also referred to as epidermal growth factor receptor EGFR),
ErbB-2 (also referred to as HER2), ErbB-3 (also referred to as HER3), and ErbB-4 (also
referred to as HER4) [53]. These ErbB receptors are essential for the normal functioning of
the body, but when present in excessive quantities cause dysregulation and can potentially
lead to breast cancer [54]. Examples such as the ones reported above illustrate how vital
these hormones and membrane receptors are for the overall advancement of breast cancer
cell line research.

Life 2023, 13, x FOR PEER REVIEW 9 of 28 
 

 

monoclonal antibodies and tested for the expression of Ki-67, a prognosis may be made 

about the threshold and treatment available for patients [50]. Ki-67 was first studied by 

Scholzen to show that this protein is vital for the progression of the cell cycle, since it is 

present in each cell phase (G1, S, and G2, but not G0) [31,51,52]. 

 

Figure 2. This schematic exemplifies the drug regulation mechanisms that occur in breast cancer 

when pharmaceutical drugs are administered. Part (A) shows an untreated cancer cell that receives 

either ER or PR ligands to bind to an intracellular hormonal receptor that will cause dimerization 

and increase breast cancer cell proliferation. Part (B) gives an example of tamoxifen affecting the 

molecular pathway by preventing the ER or PR ligand from binding to the hormonal receptor which 

inhibits breast cancer cell proliferation. The arrow with an red X represents the process not taking 

place due to binding of Tamoxifen during the pathway. Part (C) gives a schematic of Herceptin 

preventing HER2+ receptors from being able to express more signals in breast cancer cell. 

PR+ breast cancer cell lines can be associated with the Luminal A type along with the 

Luminal B type that may be treated with tamoxifen hormonal therapy. The Luminal B 

subtype has a higher level of Ki-67 expression with faster cancer cell growth. In Figure 2, 

the HER2+ receptors are membrane-bound, showing that the targeted therapy for HER2+, 

Herceptin, will need the ability to enter the cell to cause homo- or heterodimerization 

through the cell signaling pathway [36]. HER2+ breast cancer cell type is also associated 

with receptor tyrosine kinases (RTKs), which play a role in cellular functions such as cell 

growth and survival. Other proteins that are RTKs are within the Erythoblastic oncogene 

B (ErbB) family, such as ErbB-1 (also referred to as epidermal growth factor receptor 

EGFR), ErbB-2 (also referred to as HER2), ErbB-3 (also referred to as HER3), and ErbB-4 

(also referred to as HER4) [53]. These ErbB receptors are essential for the normal function-

ing of the body, but when present in excessive quantities cause dysregulation and can 

potentially lead to breast cancer [54]. Examples such as the ones reported above illustrate 

how vital these hormones and membrane receptors are for the overall advancement of 

breast cancer cell line research. 

Figure 2. This schematic exemplifies the drug regulation mechanisms that occur in breast cancer
when pharmaceutical drugs are administered. Part (A) shows an untreated cancer cell that receives
either ER or PR ligands to bind to an intracellular hormonal receptor that will cause dimerization
and increase breast cancer cell proliferation. Part (B) gives an example of tamoxifen affecting the
molecular pathway by preventing the ER or PR ligand from binding to the hormonal receptor which
inhibits breast cancer cell proliferation. The arrow with an red X represents the process not taking
place due to binding of Tamoxifen during the pathway. Part (C) gives a schematic of Herceptin
preventing HER2+ receptors from being able to express more signals in breast cancer cell.

3.2.2. Luminal Breast Cancer Cell Lines

ZR-75-1, T-47D, MCF7, and MDA-MB-415 all represent the Luminal A subtype of
breast cancer, and all were established in the 1970s. The nomenclature for each of these
breast cancer cell lines is unique and most have a mass structure according to Table 1.
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The ZR-75-1 breast cancer cell line was first derived from the isolated metastatic ascites
of a 63-year-old white female patient and has been used to study different radioactive
diagnostic agents that are used with PET (positron emission tomography) imaging, such
as fluoroestradiol [22]. Being able to visualize ER+ breast cancer gene expression in ZR-
75-1 cell lines was vital to further clinical applications. The T-47D breast cancer cell line
was originally isolated from the metastatic pleural effusion from a 54-year-old female
patient [55]. Studies have shown that T-47D is more susceptible to progesterone compared
to the breast cancer cell line MCF7, progesterone being a hormone that is known to be
prevalent in Luminal A breast cancer. The MCF7 breast cancer cell line was derived in
the 1970s from a 69-year-old white female patient with metastatic pleural effusion and
has since been one of the most well-known breast cancer cell lines [56]. Sources show
that MCF7 has been searched the most (up to about 22,000 times depending on whether
the hyphen is included) [57]. This ER+ breast cancer cell line has been used for 50 years
and has many sub-clones, such as LM-MCF7, that have demonstrated high metastasis
potential, downregulation of p27 (cyclin-dependent kinase inhibitor, also called KIP1,
which is a tumor suppressor) expression, and upregulation of bcl-2 (b-cell lymphoma-2 is
a regulator protein of cell death) protein expression when injected into severe combined
immunodeficiency mice (SCID) [58]. Finally, Luminal A breast cancer cell line MDA-
MB-415 was derived from a 38-year-old white female patient with pleural effusion at the
metastatic site in 1975 [7]. MDA-MB-415 was used in a study to show that overexpression
of the tumor suppressor p53 regulates apoptosis-inducing protein 1 (TP53AIP1) and can
decrease cell viability in the breast cancer cell line [59].

All these Luminal A breast cancer cell line examples have in common a low percentage
of Ki-67, meaning the recovery from breast cancer in the clinical setting is manageable.
Some studies show the opposite of not having enough Ki-67 expression for Luminal A
breast cancer, rendering the prognosis difficult without having that marker present [21].
Ki-67 was first discovered as an antigen in 1983 and has since been used as a proliferation
marker for tumor growth in breast cancer cells [60]. Being able to analyze the expression
of Ki-67 through all phases of the cell cycle, with the exception of G0, makes it an ideal
tool to investigate the regulation of breast cancer growth and apoptosis [23]. There has
been some controversy around the usefulness of the Ki-67 marker for Luminal A breast
cancer prognosis based on the inconsistent cut-off range of 10–20% within the specimen
for different research findings [61]. Immunohistochemistry staining of breast cancer tissue
seems to be the primary tool for the identification of Ki-67 expression in breast cancer
patients and is continuously being used for the prognosis of breast cancer progression
status. Luminal A breast cancer subtypes have the advantage of being characterized by
the presence of the ER+ receptor which can be manipulated in experiments involving the
antiestrogen tamoxifen, the latter believed to be able to treat breast cancer long-term [62].
However, there are also disadvantages associated with the usage of Luminal A type breast
cancer cell lines, such as the high levels of differentiation that can render the interpretation
of the morphology difficult for various breast cancer cell line types within the category [16].

MDA-MB-330 and ZR-75-30 are the breast cancer cell lines of choice to represent the
Luminal B subtype of breast cancer for this review. BT-474, MDA-MB-361, and UACC-812
are the breast cancer cell lines of choice that represent the Luminal-HER2 subtype of breast
cancer cell lines for this review. Many of these Luminal B cell line types have a grape-like
structure, as shown in Table 1. MDA-MB-330 was derived from a 43-year-old white female
patient with metastatic pleural effusion in 1974 [7]. This breast cancer cell line is associated
with invasive lobular carcinoma (ILC), rendering the transition from in vitro work to clinical
therapy practices more specific and beneficial for patients with respect to treatment [26].
There has also been controversy with the ER+ status for this breast cancer cell line, hence
why Table 1 shows +/− for ER in MDA-MB-330 cells [27]. ZR-75-30 is a breast cancer
cell line derived from a 47-year-old black female patient in 1999 via metastatic ascites [28].
This breast cancer cell line is often associated with metastasis-associated proteins (MTA)
MTA1 and MTA2 that depict overexpression or reduced expression to contribute to the
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metastasis of the ZR-75-30 breast cancer cell line [63]. Additionally, dietary compounds
with epigenetic mechanisms such as berberine within Coptis chinensis have been shown to
inhibit growth within the ZR-75-30 breast cancer cell line [64]. BT-474 was derived from a
60-year-old white female patient in 1978 who had invasive ductal breast carcinoma [65].
This breast cancer cell line has been used to improve the therapeutic efficiency against breast
cancer with the use of the chemotherapy drug Hydroxyurea (HU) [66]. MDA-MB-361 was
one of the nineteen cell lines derived at the M.D. Anderson Hospital and Tumor Institute
in Houston, Texas. This breast cancer cell line was derived from metastases in the brain
of a 40-year-old white female patient in 1975 [7]. The M.D. Anderson’s series has been
influential in cancer discovery and prevention. For example, by knocking out the MALAT1
(metastasis associated lung adenocarcinoma transcript 1) gene with the use of clustered
regularly interspaced short palindromic repeats (CRISPR) editing in the MDA-MB-361
breast cancer cell line, decreased proliferation and increased apoptosis has been observed,
a phenomenon which can be further studied in vivo in a clinical setting for breast cancer
patients [67]. In 1986, UACC-812 was derived from a 42-year-old white female patient who
had ductal carcinoma [32]. Some researchers have shown this breast cancer cell line as a
HER2 subtype because only ErbB-2 is expressed in experiments completed via PCR, culture
assays, or other methods [68].

The Ki-67 protein biomarker for proliferation in cancerous cells is high in Luminal B
type breast cancers [51]. This means that the cell lines have a larger number of proliferating
cells that cause the cancerous cells to divide more quickly [69]. This is not the only gene that
can be used to characterize Luminal B type breast cancer. BRCA1 was first discovered by
Dr. Mary-Claire King in 1994 and the gene is associated with hereditary breast cancer [70].
BRCA1, along with the BRCA2 gene which is more prevalent in male breast cancer, is a
tumor suppressor that helps repair DNA double-strand breaks and decrease the amount
of rapid cancerous growth in cells. Studies have shown that, when comparing Luminal
type breast cancer to TNBC, BRCA1 is equally downregulated in mRNA expression for
Luminal type and TNBC [71]. This does not explain why luminal breast cancers have
a better prognosis and are an easy target for certain hormonal therapies like tamoxifen.
Another gene that is highly studied within different types of breast cancer is TP53, which
has responsibilities in the endocrine response and resistance pathway [72]. Mutations
within the TP53 gene have shown that this tumor suppressor can be a great biological
marker for therapeutic strategies in breast cancer treatment. The prevalence of certain genes
in these breast cancer cells can be utilized to create different medications in clinical settings.
As seen in Figure 2, there is a specific pathway that these pharmaceutical drugs take to
be able to intercept the molecular mechanisms of breast cancer with hormonal receptors
(ER and PR) or membrane receptors (HER2). However, much work remains to be done to
maintain these breast cancer cell lines and ensure no genotypic variants affect the results
being produced. This may be seen as a disadvantage associated with the utilization of
Luminal B breast cancer cell line types, as the more invasive characteristics weaken the
luminal phenotype that is associated with high expression of HER2+ expression which, in
turn, downregulates the expression of ER+ [16].

3.2.3. HER2+ Breast Cancer Cell Lines

MDA-MB-453, HCC1569, SUM190PT, AU565, and SK-BR-3 are all HER2+ breast cancer
cell lines that do not have hormonal receptors for ER or PR. Grape-like structures and mass
morphology are common within this type of breast cancer. MDA-MB-453 was first derived
in 1976 from a 48-year-old white female patient with metastatic pericardial effusion [7]. This
first example of HER2+ breast cancer cell lines has been a vital tool for the identification of
molecular mechanisms with certain compounds used to treat cancer, such as hirsuteine [73].
Hirsuteine is an alkaloid that can be extracted from Uncaria rhynchophylla to treat different
diseases, but the mechanism of downregulating BCL-2 and promoting apoptosis was not
discovered until the use of the MDA-MB-453 cell line. MDA-MB-453 cells are an androgen-
responsive breast carcinoma cell line with high-level AR expression. The HCC1569 breast
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cancer cell line was derived from a 70-year-old black female patient by isolating the
mammary gland with metaplastic carcinoma in 1995 [74]. Since then, this breast cancer
cell line has been used in the analysis of synergistic effects within the combination of PI3K
(plasma membrane-associated lipid kinases) inhibitors and Herceptin to develop a less
toxic implementation protocol for cancer patient treatment [75]. Unfortunately, researchers
have yet to find any significant alteration within PTEN (phosphatase and tendon homolog
that is a tumor suppressor) through the combination of treatment from PI3K and Herceptin
applied to the HCC1569 breast cancer cell line [75], so more studies are required to find
better concentrations or methodologies.

SUM190PT was first derived from a 40-year-old woman’s primary tumor in 1996 and
has been shown to lack ER and PR [76]. The SUM breast cancer cell line was established in
the 1990s and has such a following that the SUM breast cancer knowledge base (SLKBase)
was created for researchers to comment and post about different experiences, research
attributes, and findings concerning this cell line and others [76]. SUM190PT has been
used to observe the effectiveness of histone deacetylase (HDAC) inhibitors in creating new
therapy treatments for cancer patients. Findings have shown that the HDAC inhibitor
CG-1521 does induce apoptosis, although it targeted tubulin (non-histone protein used
for spindle assembly in the cell). Therefore, more work needs to be performed to ensure
the safety of CG-1521 for treatment purposes [77]. AU565 was first derived in 1970 from a
43-year-old white female patient with breast adenocarcinoma from the metastatic pleural
effusion [78]. This breast cancer cell line is known to overexpress the ErbB2 protein [79].
The SK-BR-3 breast cancer cell line was derived in the same year as AU565, from the
same 43-year-old white female through the pleural effusion metastasis that has similar
characteristics of overexpression of the ErbB-2 gene product. Investigators discovered that
SK-BR-3 was stimulated by the activation of the ninth EGF-like domain that contained
GST (glutathione S-transferase) fusion proteins to indicate that no other ErbB2 ligand was
derived from that specific EGF-like domain. There have also been studies conducted using
flaxseed lignans in combination with pharmaceutical drugs that caused a decrease in cell
viability in SK-BR-3, suggesting a potential improvement in chemotherapeutic applications
in the clinical setting [80].

The ErbB receptor family is important for this type of breast cancer cell line, since
HER2 is included as a receptor. A common characteristic of HER2+ breast cancer is
that the prognosis is poor and the ability to treat this type of breast cancer is limited.
Studies have been conducted with genes such as EGF and hMena (cytoskeleton regulatory
protein) to analyze the phosphorylation and cell proliferation of HER2+ breast cancer
cells [81]. This study did show that the downstream results of the knockout of hMena
affecting activity of EGF in the cell may be a great attribute to identify new methods for the
prognosis in breast cancer patients. An advantage of working with HER2+ breast cancer
cell lines is that the HER2+ receptor allows certain drug targets to attach when conducting
experimentation, e.g., Herceptin. The translation from in vitro to in vivo formed poorly
differentiated tumors in immunocompromised mice with HER2+ SK-BR-3 cell line, so this
may be a disadvantage [16].

3.2.4. Triple-Negative Breast Cancer Cell Lines

SUM229PE, BT-549, HCC70, BT-20, CAL148, MDA-MB-157, MDA-MB-231, and Hs
578T are all breast cancer cell lines that have been classified as triple-negative breast cancer
(TNBC) [16,24,40]. Figure 3 illustrates a timeline of the cell line derivations along with key
elements that have taken place in breast cancer cell line research. TNBC cell lines lack ER,
PR, and HER2 and have been known to be the most aggressive/worst prognosis breast
cancer type [16]. This breast cancer category is also known to be most common in black
women who have a familial history of cancer [82]. Stellate is the most common structure
among TNBC cells, along with a few that show round, mass, and spindle structures, as
shown in Table 1. SUM229PE is a breast cancer cell line that was retrieved in 1996 from the
pleural effusion fluid of a female patient [76]. This breast cancer cell line has also been used
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to study resistance to inhibitors such as MEK1/2 (mitogen-activated protein kinase 1/2)
and as a control to test the vulnerabilities in drugs that may affect heterogeneity amongst
the different cancerous cell types [39]. In 1978, BT-549 was derived from a 72-year-old
white female patient by isolating the papillary of metastasized portions of the lymph
node [83]. This breast cancer cell line showed downregulation of HDAC7 and established
the possibility of this gene being a tumor suppressor in TNBC [84]. HCC70 was first derived
from a 49-year-old black female patient in 1992 by isolating a primary ductal carcinoma [75].
This TNBC cell line has been used to study the effectiveness of cancer treatment drug
conjugates on breast cancer cells, such as the peptide TH1902 for docetaxel [85]. BT-20 was
the first breast cancer cell line to be derived in 1958 from a 74-year-old white female patient
by isolating the tumor within her breast [5]. This hallmark breast cancer cell line has been
used in studies to show alterations in mitochondria due to the function of key elements of
the mTOR (mammalian target of rapalycin) pathway [86]. The CAL148 breast cancer cell
line was derived from a 58-year-old French female patient with pleural effusion in 1994 [87].
In 2019, CAL148 was used to discover if two drugs, palbociclib and MLN0128, could work
synergistically to inhibit cell proliferation, with results revealing that further investigation
in the clinical setting would be beneficial [88]. MDA-MB-157 was first derived in 1972 from
a 44-year-old black female patient with metastatic breast cancer and pleural effusion [7].
Both MDA-MB-157 and MDA-MB-231 have been used to study the effects of the HDAC
inhibitor Panobinostat. Research has shown that this HDAC inhibitor is toxic to TNBC
and could be a potential tool for treatment [89]. In 1973, MDA-MB-231 was derived from a
51-year-old white female patient by isolating the mammary gland of an adenocarcinoma
via metastatic pleural effusion [7]. This TNBC cell line is known to be very aggressive
and is associated with a poor diagnosis. The Hs 578T cell was first derived in 1977 from
the breast of a 74-year-old white female patient [90]. This cell line has since been used
as a tool to evaluate HMGA1 (high mobility group A) protein expression, as it relates to
mitochondrial mutation in cancer cell research [91].

There has been controversy over the years concerning the MDA-MB-435 cell line and
its derived origin. Investigators have shown that the MDA-MB-435 cell line was derived
from a 31-year-old white female patient in 1976 with metastatic, ductal adenocarcinoma
of the breast [92]. However, studies through gene analysis have depicted the clustering
of this cell line with melanoma-origin cell lines. This discovery was made in 2000 by
DNA microarray analysis and, following debate in 2007, the MDA-MB-435 cell line was
determined to have originated from melanoma [93,94]. Even though this issue has been
settled, there have still been scientific articles published that categorize the cell line as
originating from breast cancer.

TNBC constitutes 10% to 15% of all breast cancers, and an important component to
distinguish the presence of TNBC is retinoblastoma (RB1) status. RB1 is a tumor suppressor
that is not found in TNBC and is currently being studied to understand its effects within
specific therapies [95]. Research has shown that the presence of RB1 in TNBC lines is
more sensitive to gamma radiation and that few RB1 are present in TNBC. All TNBC cell
lines discussed above are examples from many studies aiming to reach the goal of cancer
cure and prevention. More in vivo work is necessary as well as in the clinical setting to
ensure proper verification of methodologies and techniques and prevent and eventually
cure cancer. In vitro studies have been essential to understand breast cancer and will
continue to inform and stimulate future research. TNBC cells also have subsections that
are basal-like for enrichment with basal markers and claudin-low, which is associated with
genes that are tumor-invasive and aggressive [16]. An advantage of TNBC cell line use is
the characterization with BRCA1 gene mutation for the basal-like subsection that can be
analyzed with cell lines for the translation to clinical settings. A disadvantage of utilizing
TNBC cell lines is the lack of receptors that may show relatability to immunotherapy that is
done in the clinical setting [96]. However, dietary compounds have been shown to restore
ER+ gene expression in TBNC through epigenetic mechanisms that may be applicable to
chemotherapeutic approaches with additional findings [97].
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Figure 3. Time of breast cancer cell line derivation along with additional novel findings from
breast cancer cell line research. Abbreviations for each breast cancer cell line origin can be found in
Section 3.2.

3.3. Common Requirements, Techniques, and Approaches to Cell Culture Maintenace
3.3.1. Medium Choice and Control Cell Lines

These breast cancer cell lines must have a mixture of components for each medium
type to ensure the proper nutrients are available to support cell growth and maintain cells
viable for experimental studies. In Table 2, the components for each of the breast cancer
cell lines from Table 1 are outlined. These are examples for each breast cancer cell line
and the addition of antibiotics is based on laboratory preference. Some investigators also
recommend the addition of a DMEM high-glucose medium instead of a DMEM normal-
glucose medium for cell culture components to ensure higher maintenance efficiency in
breast cancer cell lines [98]. Investigators can choose various medium types and add the
necessary nutrients for the breast cancer cell lines being utilized. Common media of choice
are Human Plasma-Like Medium (HPLM), Minimal Essential Medium (MEM), Iscove’s
Modified Dulbecco’s Medium (IMDM), Dulbecco’s modified Eagles Medium (DMEM, high
glucose), DMEM/F-12 nutrient media, Ham’s F-12 Nutrient Medium, and Roswell Park
Memorial Institute 1640 Medium (RPMI 1640, low glucose) [99]. Often, Fetal Bovine Serum
(FBS), a growth supplement, is used to promote growth through proteins and growth
factors in a cell culture environment. Antibiotics such as streptomycin, amphotericin B,
and penicillin are used to prevent cell wall synthesis and interfere with cell permeability
and bacterial development in cell cultures. On the other hand, antibiotics such as penicillin
and streptomycin have been shown to also alter gene expression, cell regulation, and drug
response. This is an aspect that scientists must consider when designing an experiment.
In addition to the medium of choice, certain additives can be placed within the medium
to ensure proper breast cancer cell line maintenance, such as pyruvate that stabilizes the
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hypoxia-inducible factors in TNBC cells [100]. The environment within which all these
breast cancer cell lines must remain to grow is a laboratory-validated incubator at 37 ◦C.
While a 5–10% CO2 and air mixture is used in association with most available culture
media, Leibovitz’s L-15 medium (used for the UACC-812 cell line) is detrimental to cell
cultivation in a CO2 and air mixture environment [32].

Table 2. Optional medium choice for breast cancer cell line maintenance.

Breast Cancer Cell Line Foundational Media Supplement Additives References

ZR-75-1 RPMI 10% FBS, 10 mL penicillin and streptomycin [56]

T-47D RPMI/DMEM 100% FBS, 100 IU/mL penicillin, 100 µg/mL streptomycin [55,101]

MCF7 RPMI/DMEM 10% FBS, 100 IU/mL penicillin, 100 µg/mL streptomycin [55,101]

MDA-MB-415 DMEM 10% FBS, 100 U/mL streptomycin and penicillin [60]

MDA-MB-330 RPMI 10% FBS, non-essential amino acids and insulin [26,27]

ZR-75-30 RPMI 10% FBS 1, 10 µg/mL insulin [28]

BT-474 RPMI 10% FBS, Hybri-Care Medium, 1 L cell-culture0grade-water,
1.5 g/L sodium bicarbonate [102]

MDA-MB-361 RPMI/DMEM 8–10% FBS, 100 U/mL penicillin and 100 µg/mL streptomycin [101]

UACC-812 L-15/RPMI/DMEM 10–20% FBS, 2 mmol/L glutamine, 1% PSF [103,104]

MDA-MB-453 RPMI/DMEM 10% FBS, penicillin (100 U/mL), streptomycin (100 µg/mL),
200 mM L-glutamine [73,105]

HCC1569 RPMI 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin, and
100 µg/mL streptomycin [75,106]

SUM190PT Ham’s F12
2% FBS, 1 g/L BSA, 5 mM ethanolamine, 10 mM HEPES, 0.1%

hydrocortisone, 5 µg/mL insulin, 50 nM sodium selenite,
5 µg/mL transferrin, 10 nM T3

[107]

AU565 RPMI 10% FBS, 10 mM HEPES, 1 mM sodium pyruvate, 1%
penicillin/streptomycin, 2.5 g/L glucose [107]

SK-BR-3 DMEM/MCCOYS 10% heat-inactivated FBS, 100 µg/mL penicillin G, and 80 µg/mL
streptomycin [108]

SUM229E RPMI/Ham’s F12 5% FBS, 10 µg/mL, penicillin-streptomycin, 0.5 µg/mL
hydrocortisone [55]

BT-549 RPMI 10% FBS, 100 µg/mL streptomycin, 100 U/mL penicillin,
10 µg/mL insulin [109]

HCC70 RPMI 10% FBS [110]

BT-20 EMEM/RPMI/DMEM 10% FBS, penicillin, and streptomycin [38]

CAL148 DMEM 10% FBS, 1% penicillin-streptomycin, 1% sodium pyruvate [88]

MDA-MB-157 RPMI/DMEM 10% FBS, 1% 100× penicillin-streptomycin-amphotericin B, 1%
100× nonessential amino acid solution [7]

MDA-MB-231 RPMI/DMEM 10% FBS, 100 IU/mL penicillin, 100 µg/mL streptomycin [101]

MDA-MB-435 L-15/RPMI/DMEM 10% heat-inactivated FBS, 100 µg/mL penicillin G, and 80 µg/mL
streptomycin [108]

Hs 578T RPMI/DMEM 10% FBS, 0.01 mg/mL human insulin [7,111]

1 Foundational media must be used for each breast cancer cell line: EMEM (Eagle’s Minimum Essential Medium),
L-15 (Leibovitz’s L-15 Medium), RPMI (Roswell Park Memorial Institute-1640 medium), DMEM (Dulbecco’s
Modified Eagle Medium), and Ham’s F12 (Ham’s F-12 (Kaighn’s) Medium). CO2 and air mixture are detrimental
to UACC-812 cells when using an L-15 medium for cultivation. Additives are used to ensure the breast cancer cell
lines have nutrients to support growth in a controlled environment. Antibiotics are optional for laboratories that
would like to prevent bacterial growth. The source for the HCC70 cell line did not add anything to the FBS. FBS:
Fetal Bovine Serum, PSF: Penicillin G-streptomycin–fungizone solution, BSA: Bovine Serum Albumin, HEPES
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) is a zwitterionic sulfonic acid buffering agent, T3 (Triiodo
Thyronine) is a hormone produced by the thyroid gland.
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The MCF10A cell line is non-cancerous and has different strains that have been used
by many investigators. Breast cancer cell line maintenance is vital for the success of
experimental trials, leading, hopefully, to clinical trials. The presence of control cell lines is
a requirement to ensure the data acquired are reliable and accurate. At least two, preferably
three, cell lines and one control cell line is what most consider to be the optimal number
of cell lines to obtain reliable data. For example, an investigator used [ER− PR−] MDA-
MB-231 and ER+ MCF7 breast cancer cell lines along with MCF10A control cells in their
study for combinatorial epigenetic mechanisms of sulforaphane, genistein, and sodium
butyrate in breast cancer inhibition [12]. The MCF10 cell line was derived in 1990 by Soule
and colleagues as the first non-transformed, human mammary epithelial cell line derived
from normal breast tissue [112]. Multiple sublines including MCF10AneoT, MCF10AT,
MCF10DCIS, and MCF10CA1 have been used as excellent models to help analyze and
classify many breast cancer cell line types. Although MCF10 cell lines are widely known
and the most commonly used benign proliferative breast cancer tissue-derived cell line,
there have been studies that show MCF10A cells may not represent luminal, basal, and
normal cells, phenotypically, when placed in different culture systems (2D versus 3D) [113].

The use of human mammary epithelial cells (hMECs) has also played a vital role in
breast cancer cell line research, representing another control cell line for the comparison
with breast cancer cell line progression and development [114]. hMECs are normal epithelial
cells that have been utilized to monitor, in vitro, the early stages of tumorigenesis along
with the ability to reprogram to a previous state (neoplastic) [115]. There have been issues
with the short, allotted time for passages during the cell culture process. hMECs are already
destroyed embryos from stillbirths that are difficult to grow in a lab setting. Based on
research conducted previously, investigators have found that the passage time is limited to
5–8 times before the cell line is unable to be chosen as a control cell line for breast cancer
research. On the other hand, MCF10A cell lines have been utilized within so many sublines
and, even though the growth phase is slower than most breast cancer cells, the cell line is
an optimal choice for breast cancer cell line work.

3.3.2. Cellular Techniques and Morphology

The discovery of histological differences in origin can be stated to have started in 1906
when Histology was recognized as a biomedical discipline [98]. Advances in microscope
technology have enabled investigators to observe inside organs, tissues, and even cells.
The ability to distinguish between different cell types was not possible until the invention
of the microscope in the 1600s and. Since then, the evolution of histology has hastened.
The classification of different shapes for breast cancer types in Table 1 was established
using the first 3D models of cell cultures in microenvironments in 2007 [77]. The grape-like
morphology of breast cancer cell types is mostly associated with Luminal B breast cancer,
but AU565, which is an example of triple-negative breast cancer, ZR-75-1, associated with
Luminal A, and SK-BR-3, which is an example of HER2+, have also been classified as
exhibiting a grape-like morphology.

The round morphology is associated with MDA-MB-415 and CAL148 breast cancer cell
lines. These breast cancer cell types are from two different categories (Luminal A and TNBC,
respectively), but there is a common protein that is associated with round morphology
breast cancer cell types. Moderate levels of ErbB-2 are required for the formation of
round morphology cell lines, while higher expression levels are required for HER2+ cell
lines [66]. Mass morphology is very diverse and incorporates breast cancer cell types from
all four categories. Mass morphology breast cancer cell types include T-47D, MCF7, BT-474,
HCC1569, and HCC70, all of which have the highest level of proton ErbB-2 expression
from western blot analysis [66]. Stellate morphology is characteristic of all TNBC cell
lines, including BT-549, BT-20, MDA-MB-157, MDA-MB-231, and Hs 578T. MDA-MB-435
is also classified as having stellate morphology despite being a melanoma-derived cell
line [88]. The morphology of each breast cancer cell line has been described, including
mass, grape-like, stellate, round, and spindle which are depicted in Figure 4.
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Figure 4. Types of morphology to group the Luminal A, Luminal B, Luminal-HER2, HER2,
TNBC, and other cancerous cell lines. Each breast cancer cell line morphology is explained un-
der Sections 3.2.2–3.2.4 and 3.3.2.

The process of creating 2D versus 3D cell culture models is summarized in Figure 5.
Maintaining 2D cell cultures has the advantages of being cost-effective and convenient while
allowing diffusion of soluble factors into the media. Disadvantages of 2D cell culturing
include reduced cell-to-cell interactions and the less translatable models [116]. Three-
dimensional culturing has been expanded with an additional technique of co-culturing
between the MCF7 breast cancer cell line and MRC-5 fibroblast spheroids to study the
many mechanisms that contribute to a 3D environment [117]. The utilization of 3D cell
culture techniques allows a more accurate representation for translation to in vivo studies,
increases cell-to-cell ECM interactions, and the matrix fibrils can restrict cell spreading [118].
The disadvantages of using 3D culture include the handling of a more complex culture
system, as seen in Figure 5, which includes ECM layers to incorporate an aspect of the
basement membrane (matrigel, collagen, polydimethylsiloxane, and laminin) [119]. Breast
cancer cell lines that have been utilized as spheroid models cultured in a 3D system include,
but are not limited to, ZR-75-1, T-47D, MCF7, MDA-MB-415, BT-474, MDA-MB-361, UACC-
812, MDA-MB-453, HCC1569, AU565, BT-540, HCC70, BT-20, MDA-MB-231, and Hs578T
cells [24]. Additionally, cellular techniques can be utilized to maintain various breast cancer
cell line types.
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Figure 5. There are key differences between the utilization of 2D cell cultures and 3D cell cultures.
Part (A) shows that breast cancer cells grown on a 2D dish have a forced cellular organization
and polarity, high stiffness to promote monolayer of spreading cells, and no cell–cell interaction.
Part (B) illustrates 3D cell culturing techniques to embed breast cancer cells in ECM, incorporate
cell–cell interactions, and form a more complex culturing system. Part (C) illustrates most breast
cancer cell line derivation from pleural effusions to plating in a 2D culture flask for amplification
of the differentiated cells. While organoid formation can then be formed after proper breast cancer
proliferation and embedding in the proper ECM material, see Section 3.3.2 for more information.

4. Additional Concepts Involving Breast Cancer Cell Line Research
4.1. Cross-Contamination

Cross-contamination of breast cancer cells can occur through multiple means such
as culturing techniques and mislabeling of containers [120]. HeLa cells were the first to
be developed in 1952 from glandular cancer of the cervix [6]. The HeLa cell confusion
caused a catastrophe in many laboratories over 60 years ago, but there are still breast
cancer cell lines in use that derive from that very discovery [3,121]. Sterilization of the
area within the Biosafety Cabinet (BSC) and gloves when handling breast cancer cells with
70% ethanol is essential to keep contamination at a minimum. Studies have shown that
benzalkonium chloride with corrosive inhibition and distilled water in wet conditions
would be the optimal combination for the sterilization of the BSC area with respect to a
specific bacterium [122]. Considering that benzalkonium chloride with corrosive inhibition
may not be the optimal option for most laboratories, 70% ethanol is a common choice for
use when sterilizing surfaces. Freezing cells for future use can ensure the longevity of a
breast cancer cell line, but care must be taken when labeling and opening the cryovial for
the re-suspension of cell lines. If a 37 ◦C water bath is not properly maintained to thaw
frozen cell lines for <1 min, this can cause contamination. Removing cell lines from liquid
nitrogen storage and placing them directly in the water bath is essential to maintain cell
viability. If placed on ice temporarily, breast cancer cells can thaw and die before being
plated. UV radiation is a great method before and after cell culturing to maintain a sterile
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environment and not cause any cross-contamination. Investigators have discovered that
UV radiation can cause DNA methylation alteration in cells; therefore, proper protocols
should be in place in a laboratory environment to prevent this from influencing cellular
morphology [123].

4.2. Genetic Mutations

Studies have shown that breast cancer cell lines may have more mutations than the
tumor from which they are derived, and this raises concerns for researchers who are
interested in translating conclusions found from breast cancer cell line studies [16]. History
has shown that an increase in mutated BRCA1 or BRCA2 can put patients at higher risk of
developing cancer, but the origin of many of these breast cancer cell lines studied may have
mutated. An example of a breast cancer cell line that is widespread and has been shown to
have diverse genetic uncertainties through multiple analyses is MCF7. This breast cancer
cell line has been shown to react differently to drugs used over a length of time from the
various subculturing processes to the freezing and thawing of the cells [124]. Prevention of
genetic mutations of breast cancer cell lines is possible, with helpful techniques including
maintenance of a sterile environment when subculturing, minimization of the freeze–thaw
process, and documentation of the cell line passage number to prevent overpassaging [100].
Additional genetic mutations that have been utilized and used as tools to target breast
cancer are cyclin-dependent kinase inhibitor 2A (CDKN2A), phosphatidylinositol 3-kinase
Catalytic Subunit Alpha (PIK3CA), phosphate and tensin homolog (PTEN), and TP53, which
is a tumor suppressor protein p53 that was previously mentioned [125–128]. Another
novel molecular biomarker that has been influential in oncological decision-making is
programmed death ligand 1 (PD-L1), which has been shown to have intrinsic capabilities
concerning triple-negative breast cancer cells. The knockdown of this immunosuppressive
protein has been shown to decrease cell proliferation and tumor growth in the model
organism chosen for the experiment [129]. Examples such as these illustrate the essential
role breast cancer cell lines play in the development of therapeutic techniques for breast
cancer prevention and therapy. There are numerous genes that can be either overexpressed
or underexpressed in breast cancer cell lines, and a few of those that have been studied
are mentioned in Table 1, e.g., cadherin 1 (CDH1) and FA complementation group A
(FANCA) that has been shown to be associated with lobular breast cancer [130–132]. Spen
family transcriptional repressor (SPEN) has been associated with poor prognosis of breast
cancer and is involved with chromatin remodeling [130,133]. Catenin alpha 1 (CTNNA1)
and mediator complex subunit 12 (MED12) have been shown to associate with breast
cancer [130,131,134].

4.3. Cell-Derived Xenograft and Gut Microbiota in Breast Cancer

Utilization of patients with breast cancer cells has been employed with respect to
many techniques to diagnose and investigate various methods for better treatment of the
disease. The first xenograft technique was implemented in 1962 from human breast cancer
to an immunodeficient mouse [135]. The technique of patient-derived xenografts (PDXs)
has been conducted by numerous institutions for therapeutic and clinical trials [136]. This
process involves the removal of cells from a patient with a known status of breast cancer and
the injection of such cells into an immunodeficient mouse in a specific area that will show
the growth of a tumor for analysis, as seen in Figure 6. The exact location of injection could
be, for example, intraperitoneally or orthotopically, although it depends on the the type of
cancer. Injection of breast cancer cells into the mammary fat pad of immunocompromised
mice is the most common example of PDXs. Many strains of immunodeficient mice have
been utilized since the discovery of the ‘nude’ mice model in 1962 by Grist [137]. An
interesting concept that has been discovered is that the difference between PDXs and
cell-derived xenografts (CDXs) may not be as obvious according to pathologists viewing
histology slides [138]. Viewing immunohistological quality control (QC) slides is a daily
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routine in pathology; therefore, utilization of CDXs instead of PDXs may be beneficial if
there is no clear difference.
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Figure 6. Comparison of the Cell Line-Derived Xenograft (CDX) model process versus Patient-
Dervied Xenograft (PDX) model process.

One connection that has been investigated but needs further investigation is the
relationship between breast cancer and the gut microbiota environment. Studies have
established that as a result of the introduction of (GE) genistein into mice diet, there were
microbial alterations in members of the family Lachnospiraceae and Ruminococcaceae [139].
No significant difference in microbiota composition was found between pre-chemotherapy
and post-chemotherapy fecal samples of breast cancer patients, although introduction
of GE into their diet did induce epigenetic changes resulting in reduced tumor size and
increased tumor latency. The use of known epigenetic factors from dietary compounds that
can be included into the diet of immunocompromised mice may become vital for breast
cancer research. The fact that the mice used in the pilot study were humanized mice and
not injected directly with breast cancer cells shows how the heterogeneity of breast cancer
cells translated appropriately. Utilization of CDXs over PDXs could uncover novel findings
in breast cancer research and prevention, but the data to analyze translatable evidence that
CDXs can be applied to human clinical trials are still being gathered and investigated. The
Luminal A breast cancer cell lines MCF7 and T-47D have been frequently used to inoculate
mice into xenograft models for further examination because of the presence of estrogen [55].
However, Luminal A or Luminal B breast cancer cells engrafted from PDXs are difficult
to grow and maintain due to ER+ tumors [140]. Investigators have used HER2+ breast
cancer cell lines such as MDA-MB-453 to discover metastasis ability through intravenous
injection (IVI) for CDX models [141]. The TNBC cell line MDA-MB-231 has been utilized
with CDXs to investigate a decrease in tumor growth and induce G1 cell cycle arrest when
using targeting agents [142].
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Researchers have analyzed the immunohistological stains for β-catenin, Ki-67, and
E-cadherin in human cancer types versus cell-derived xenografts. The expression of β-
catenin in tissue can result from aberrations in the Wingless-related integration site (Wnt)
signaling pathway. Levels of Ki-67 in breast cancer tissue have been used as a biomarker
protein for cell proliferation in breast cancer. E-cadherin expression in breast cancer cells
can distinguish invasive ductal or lobular cancer. Being able to investigate these protein
markers as they relate to the gut microbiome can show how estrogen in breast cancer
reacts in the body. Utilization of CDXs may lower costs for experimentation and develop
connections that are lacking in breast cancer research. Studies have uncovered phenotypical
similarities that suggest that CDXs can play a role in further investigation of tumor budding
in colorectal cancer [143]. Realizing how essential CDXs have been used in many cancer
types to facilitate deeper understanding is important. On the other hand, studies have
shown that six breast cancer cell lines (ER+:[UCD4, UCD12, and UCD65] and ER−:[UCD46,
UCD115, and UCD178]) have been created from PDXs to increase the overall ER+ number of
cell lines within the archive to manipulate for breast cancer research [144]. These findings
may bridge the gap in recognizing the connection between breast cancer and the gut
microbiota environment.

5. Conclusions

Breast cancer cell lines have been utilized for over 50 years to establish prognosis,
protein biomarkers, morphological differences, and genetic mutations. There is much
to be discovered still, but, through this review, a researcher can take advantage of the
established knowledge that has been produced. By categorizing breast cancer cell lines into
Luminal A, Luminal B, Luminal-HER2, HER2+, and TNBC, the investigator can be very
precise when analyzing data and creating experiments to make novel advancements in
science. By utilizing the unique techniques described, such as 2D versus 3D subculturing,
xenograft experimentation, and, possibly, the application of various dietary compound
concentrations to analyze epigenetic regulation within breast cancer cell line growth in-
hibition, investigators may discover creative applications that can be practiced through
analyzing the breast cancer cell lines discussed in this review. Being able to understand
and appreciate the components of breast cancer cell line types that include, but are not
limited to, Ki-67 expression level and various genetic mutation statuses, the investigator
may carefully analyze and choose the correct cell line that can coincide with their field of
expertise. This review is intended to assist the researcher when creating new ideas, and can
be used as a guidance resource when additional background information can be useful for
the origin of various breast cancer cell types.
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Abstract: Diffusion-weighted imaging (DWI) utilizing maximum-intensity projection (MIP) was
suggested as a cost-effective alternative tool without the risk of gadolinium-based contrast agents.
The purpose of this study was to investigate whether DWI MIPs played a supportive role in young
(≤60) patients with marked background parenchymal enhancement (BPE) on contrast-enhanced MRI
(CE-MRI). The research included 1303 patients with varying degrees of BPE, and correlations between
BPE on CE-MRI, the background diffusion signal (BDS) on DWI, and clinical parameters were
analyzed. Lesion detection scores were compared between CE-MRI and DWI, with DWI showing
higher scores. Among the 186 lesions in 181 patients with marked BPE on CE-MRI, the main lesion
on MIPs of CE-MRI was partially or completely seen in 88.7% of cases, while it was not seen in 11.3%
of cases. On the other hand, the main lesion on MIPs of DWI was seen in 91.4% of cases, with only
8.6% of cases showing no visibility. DWI achieved higher scores for lesion detection compared to
CE-MRI. The presence of a marked BDS was significantly associated with a lower likelihood of a
higher DWI score (p < 0.001), and non-mass lesions were associated with a decreased likelihood of a
higher DWI score compared with mass lesions (p = 0.196). In conclusion, the inclusion of MIPs of
DWI in the preoperative evaluation of breast cancer patients, particularly young women with marked
BPE, proved highly beneficial in improving the overall diagnostic process.

Keywords: breast cancer; MRI; diffusion-weighted

1. Introduction

Contrast-enhanced magnetic resonance imaging (CE-MRI) of the breast has the highest
sensitivity for breast cancer detection among several imaging modalities [1,2]. Despite its
highest degree of sensitivity, breast MRI does not result in false-negative cases in compar-
ison to other imaging modalities. False-negative cases may be attributed to perceptive
errors in the absence of radiological detection at the time of screening; interpretation errors,
where the cases are recognized but mistaken for benign lesions; and various technical
errors [3]. A recent study reported three main causes of undetected breast malignancy in
CE-MRI: (1) non-enhancing histologic features; (2) location; and (3) significant background
parenchymal enhancement (BPE) [4]. BPE significantly affects breast MRI interpretation
and is a valuable imaging marker for assessing breast cancer risk [5]. BPE is widely recog-
nized for increasing the recall, false-positive, and false-negative rates in breast MR readings.
In particular, substantial BPE may prevent the clear demarcation of lesions from the breast
parenchyma [6].
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Several earlier studies have demonstrated that the combination of a diffusion-weighted
imaging (DWI) protocol with CE-MRI leads to higher specificity compared to CE-MRI
alone [7–10]. Furthermore, recent research has indicated its potential for breast cancer
detection and the characterization of breast lesions [11,12].

The abbreviated protocol (AP) for breast MRI, utilizing a single pre-contrast and a
single post-contrast acquisition along with maximum-intensity projection (MIP) images,
has become increasingly popular. The advantages include a shorter acquisition and reading
time, lower cost, and diagnostic accuracy comparable to the full protocol [13,14]. So, DWI
MIPs could be proposed as a cost-effective alternative tool, eliminating the risk associated
with gadolinium-based contrast agents in this study.

Therefore, the objective of this study was to assess the effectiveness of DWI utilizing
MIPs in distinguishing lesions compared with the conventional protocol of using MIPs of
CE-MRI for patients with preoperative breast cancer, with a specific focus on young women
presenting marked BPE.

2. Materials and Methods
2.1. Study Population

This study was approved by our Institutional Review Board, and informed consent
was waived due to its retrospective nature. The study period spanned from 1 July 2020 to
30 September 2022, and a total of 4199 MRI scans were included. Among these, 1712 scans
were performed preoperatively. A total of 409 cases were excluded such as those associated
with neoadjuvant chemotherapy (NAC) (309 cases), post-excision scans (33 cases), and
specific criteria such as old age (>60 years) (51 cases), inflammatory cancers (9 cases),
implants (5 cases), and absence of surgical confirmation (2 cases).

2.2. MRI Protocol

Breast MRI was performed using 3T MR machines (Verio and Vida, Siemens Health-
care, Erlangen, Germany). Breast MRI scans were conducted in the prone position using
a specialized breast surface coil. The enrolled patients underwent the following MRI
sequences for the Verio system: (1) Axial T2-weighted imaging with a turbo spin-echo
technique, using a TR/TE of 4530/93, a flip angle of 80, 34 slices, a 320 mm field of view,
a matrix size of 576 × 403, 1 excitation, a 4 mm slice thickness, and an acquisition time
of 2 min 28 s. (2) Axial DWI with a readout-segmented echoplanar image, employing b
values of 0 and 1000 s/mm2, a TR/TE of 5200/53 ms, a field of view of 340 × 205 mm2, a
matrix size of 192 × 116, a 4 mm slice thickness, and an acquisition time of 2 min 31 s with
5 readout segments. The apparent diffusion coefficient (ADC) maps were automatically
calculated using software. (3) Pre- and post-contrast axial T1-weighted 3D volumetric
interpolated brain examination (VIBE) sequences with a TR/TE of 2.7/0.8, a flip angle of
10, and a 1.2 mm slice thickness. The images were acquired before and at 10, 70, 130, 190,
250, and 310 s after the injection of gadolinium DTPA (0.1 mmol/kg of Gadovist; Bayer
Schering Pharma, Berlin, Germany). For the Vida system, the MRI sequences were as
follows: (1) Axial T2-weighted imaging with a turbo spin-echo DIXON sequence, using a
TR/TE of 5000/96 ms, a flip angle of 120, 50 slices, a 320 mm field of view, a matrix size of
448 × 314, a 3 mm slice thickness, and an acquisition time of 3 min 23 s. (2) Axial DWI with
readout-segmented long variable echo trains, employing b values of 0 and 1000 s/mm2,
a TR/TE of 4720/60 ms, a field of view of 350 × 210 mm2, a matrix size of 256 × 154, a
3 mm slice thickness, and an acquisition time of 3 min 29 s with 9 readout segments. The
ADC maps were automatically calculated using software. (3) Pre- and post-contrast axial
T1-weighted 3D fast low-angle-shot (FLASH) sequences with a TR/TE of 4.7/2.27 ms, a
flip angle of 10, and a 1 mm slice thickness. The images were acquired before and at 10, 93,
176, 259, 342, and 425 s after the injection of gadolinium DTPA.

Digital Imaging and Communications in Medicine (DICOM) files from DCE-MRI
and DWI were transferred to a computer software program (Syngovia; Simens healthcare,
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Erlangen, Germany) in order to generate MIP images using high b-value DWI and first
postcontrast subtracted images.

2.3. Image Analysis

Among the 1303 enrolled breast MRI results, breast parenchymal enhancement (BPE)
and background diffusion signal (BDS) were assessed by one of three radiologists with
5–20 years of experience in breast imaging. The degrees of BPE and BDS were categorized
as minimal, mild, moderate, or marked according to the American College of Radiology
Breast Imaging and Reporting Data System (BI-RADS) [4]. In cases where BPE or BDS
exhibited asymmetry between bilateral scans, the breast with the highest BPE or BDS was
utilized for categorization purposes.

Two breast radiologists with experiences of 18 years and 20 years reviewed the two sets
of images and arrived at a consensus based on MIPs of DWI and CE-MRI. The readers were
blinded to the women’s clinical histories and other imaging sets. The images were trans-
ferred to numbered folders containing anonymized image data on a Picture Archiving and
Communication System (PACS) and read according to the following standardized protocol.

First, the readers reviewed the MIP of DWI to identify significant lesions: (1) defini-
tively seen group, based on the consensus of two readers’ findings of suspicious lesions;
partial or retrospectively seen group, based on findings of suspicious lesion by one out
of two readers; (2) unseen or undetected group, if neither reader found a true lesion.
The readers characterized (mass/non-mass) and scored (1 to 10) the detected lesions on
DWI MIPs.

Second, the readers reviewed the MIPs of CE-MRI obtained under early enhancement
similar to DWI MIPs. The MIPs did not allow a full assessment of lesion morphology;
thus, we used a scoring system rather than BI-RADS. Multiple breast lesions were di-
vided into primary breast cancers as main lesions and additional suspicious lesions as
daughter lesions.

Image analysis was conducted using a 1–10 scoring system. The scores of CE-MRI and
DWI were used to determine lesion visibility and characteristics. The score ranged from 1
to 10, with corresponding descriptions as Table 1.

Table 1. Definition of group and score.

Group Score Definition

Unseen
1 absolutely not seen

2 very subtle visibility

Partially or
retrospectively seen

3 partial visibility where the lesion was only visible when its location was known (less
than 50% visibility)

4 partial visibility where the lesion was visible when its location was known (more than
50% visibility)

5 signified complete visualization of the entire lesion when its location was known,
retrospectively

Definitely seen

6 visualization of the lesion similar to moderate BPE on CE-MRI, albeit with numerous
false-positive lesions

7 complete confirmation of the lesion similar to moderate BPE on CE-MRI, along with a
few false-positive lesions

8 easily detected lesion, comparable to mild BPE on CE-MRI (main and daughter lesions)

9 very easy identification of the lesion, resembling minimal BPE on CE-MRI

10 very easy identification of the lesion, resembling minimal BPE on CE-MRI, with
exceptionally clear main and daughter lesions

CE-MRI: contrast-enhanced magnetic resonance imaging; BPE: breast parenchymal enhancement.
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The image gold standard for true lesions was established using conventional whole
CE-MRI, mammography, and ultrasonography. The other radiologist, with five years of
experience, analyzed sets of images and compared the results with the image gold standard.

Ductal carcinomas in situ (DCISs) and invasive cancers were counted as positive
results. All other results of biopsy or excision analysis, including high-risk lesions such as
atypical ductal hyperplasia, lobular carcinoma in situ, or papilloma, were considered as
negative results.

We analyzed the correlation between BPE depending on MIP images of CE-MRI, BDS
on MIP images of DWI, and clinical parameters such as age. Additionally, we analyzed
the scores of primary breast cancer and examined additional suspicious lesions on both
CE-MRI and DWI. Finally, the features of malignant breast lesions were also analyzed.

2.4. Histopathology Review

The biopsy or surgical specimen pathology reports were carefully examined to deter-
mine various tumor characteristics, such as size, depth, histologic type, grade, presence
of lymph node metastasis, and immunohistochemical (IHC) subtypes. The IHC factors
evaluated included estrogen receptor (ER), progesterone receptor (PR), human epidermal
growth factor receptor 2 (HER2), Ki-67, epidermal growth factor receptor (EGFR), and
CK5/6. IHC staining for ER, PR, HER2, Ki-67, and EGFR was conducted using specific
primary antibodies on an automated Ventana BenchMark XT Slide Stainer (Ventana, Tucson,
AZ, USA). The staining for CK5/6 was performed on the Dako Omnis (Dako, Carpinteria,
CA, USA). For ER and PR positivity, a cut-off value of ≥1% was used. HER2 expression
intensity was semiquantitatively scored as 0, 1, 2, or 3, with a score of 3 indicating HER2
positivity, while scores of 0 or 1 indicated HER2 negativity. HER2 status for tumors with
a score of 2 was determined using gene amplification [15]. Positive Ki-67 expression was
defined as Ki-67 positivity in ≥14% of cancer cell nuclei. EGFR and CK5/6 positivity were
defined with a cut-off value of ≥1%. Based on the 2013 St. Gallen International Breast
Cancer Conference recommendations, the IHC subtypes were classified as follows [16]:
(1) Luminal A (ER or PR+, HER2-, and Ki-67low), (2) Luminal B (ER or PR+, HER2+,
and/or Ki-67high), (3) HER2+ (ER-, PR-, and HER2+), (4) triple-negative basal-like (ER-,
PR-, HER2-, EGFR, or CK5/6+), and (5) triple-negative non-basal-like (ER-, PR-, HER2-,
EGFR-, CK5/6-).

2.5. Statistical Analysis

Summary statistics are presented as number (percentage) of categorical variables and
as means (standard deviation (SD)) and medians (inter-quartile range (IQR)) in the case of
continuous variables. Groups were compared using the chi square test or Fisher’s exact
test and Wilcoxon rank-sum tests for categorical and continuous variables, respectively.
Comparison of CE-MRI and DWI was performed using the generalized estimating equation
(GEE) or the cluster Wilcoxon rank-sum test, considering the same subjects as clusters,
p value (CE-MRI vs. DWI in unseen category), and p value (CE-MRI vs. DWI in seen
category). To investigate factors associated with higher score in DWI group than in CE-
MRI, univariate and multivariable logistic regression analyses were performed. Variables
were included in the multivariable model if their univariate significance was <0.05. All
statistical analyses were performed using SAS version 9.4 (SAS Institute, Cary, NC, USA),
with two-sided p-values < 0.05 considered statistically significant.

3. Results

The results of the study are summarized in Figure 1, presenting the flow diagram of
the study population selection. A total of 1303 scans exhibited varying degrees of BPE,
categorized as minimal (n = 422), mild (n = 410), moderate (n = 290), and marked (n = 181)
(Figure 2). Within the marked BPE group, bilateral cases were analyzed separately (n = 3).
Cases involving ipsilateral multiple masses with different pathologies were also analyzed
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separately (n = 2). In total, this study assessed 186 lesions in 181 patients with marked BPE
on CE-MRI.
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The results of the study are presented in Table 2, providing important clinical, imaging,
and pathologic characteristics of a total of 186 lesions included in the analysis. The mean
age of the patients was 44.6 years (SD = 5.8), with a median of 46.0 years (IQR: 42.0–48.0).
MRI revealed that the mean size of the lesions was 28.1 mm (SD = 19.3), with a median
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size of 21.5 mm (IQR: 15.0–36.0). Among the lesions, 66.1% were categorized as masses,
27.4% as non-masses, and 6.5% as both masses and non-masses. The mean ADC value
was 0.9 × 10−3 mm2/s (SD = 0.2), with a median of 0.9 × 10−3 mm2/s (IQR: 0.8–1.0).
The average CE-MRI score was 5.5 (SD = 2.0), with a median score of 6.0 (IQR: 4.0–7.0).
The mean score in DWI was 6.2 (SD = 2.3), with a median score of 7.0 (IQR: 4.0–8.0). The
combined score, considering both CE-MRI and DWI, had a mean of 6.6 (SD = 2.1) and a
median of 7.0 (IQR: 5.0–8.0). Regarding pathologic characteristics, the majority of lesions
were invasive ductal carcinoma (IDC) (67.7%), followed by ductal carcinoma in situ (DCIS)
(23.7%). Immunohistochemical subtypes revealed 50.0% classified as Luminal A, 37.1% as
Luminal B, 4.3% as HER2-positive, and 8.6% as triple-negative.

Table 2. Clinical, imaging, and pathologic characteristics of total lesions (N = 186 lesions of
181 patients).

Clinical Characteristics N (%)

Age (years) Mean ± SD 44.6 ± 5.8

Median (IQR) 46.0 (42.0–48.0)

MRI imaging characteristics

Size (mm) Mean ± SD 28.1 ± 19.3

Median (IQR) 21.5 (15.0–36.0)

Mass/non-mass Mass 123 (66.1)

Non-mass 51 (27.4)

mass and non-mass 12 (6.5)

ADC value (10−3 mm2/s) Mean ± SD 0.9 ± 0.2

Median (IQR) 0.9 (0.8–1.0)

CE-MRI score Mean ± SD 5.5 ± 2.0

Median (IQR) 6.0 (4.0–7.0)

DWI score Mean ± SD 6.2 ± 2.3

Median (IQR) 7.0 (4.0–8.0)

Combined score Mean ± SD 6.6 ± 2.1

Median (IQR) 7.0 (5.0–8.0)

Pathologic characteristics

Pathology DCIS 44 (23.7)

IDC 126 (67.7)

ILC 7 (3.8)

Mucinous ca 6 (3.2)

Papillary ca 1 (0.5)

Tubular ca 2 (1.1)

Grade of invasive ca Grade1 33 (23.2)

Grade2 73 (51.4)

Grade3 36 (25.4)

Grade of DCIS Grade1 4 (9.1)

Grade2 27 (61.4)

Grade3 13 (29.5)

LN Negative 133 (71.5)

Positive 53 (28.5)
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Table 2. Cont.

Clinical Characteristics N (%)

ER Negative 26 (14.0)

Positive 160 (86.0)

PR Negative 36 (19.4)

Positive 150 (80.6)

HER2 Negative 153 (82.3)

Positive 33 (17.7)

KI-67 ≤20% 108 (58.1)

>20% 78 (41.9)

IHC type Luminal A 93 (50.0)

Luminal B 69 (37.1)

Her2+ 8 (4.3)

Triple- 16 (8.6)
CE-MRI: contrast-enhanced magnetic resonance imaging; DWI: diffusion-weighted imaging; ADC: apparent
diffusion coefficient; IHC: immunohistochemical; DCIS: ductal carcinoma in situ; LN: lymph node; ER: estrogen
receptor; PR: progesterone receptor; HER2: human epidermal growth factor receptor 2; ca: carcinoma; SD:
standard deviation; IQR: inter-quartile range.

Table 3 presents several clinically important findings regarding the detectability of the
main lesion on MIPs of CE-MRI and MIPs of DWI. Among the total of 186 cases analyzed,
the main lesion on MIPs of CE-MRI was partially or definitely seen in 165 cases (88.7%),
while it was not seen in 21 cases (11.3%). However, the main lesion on MIPs of DWI
was partially or definitely seen in 170 cases (91.4%), with only 16 cases (8.6%) showing
no visibility (Figure 3). Statistical analysis revealed a significantly different detection of
the main lesion on MIPs of CE-MRI based on size (p = 0.002), where the mean size of
visible lesions was 29.4 mm compared with 18.4 mm for invisible lesions. However, the
detectability based on size was not significantly different for the main lesion on MIPs of
DWI (p = 0.157). No statistically significant differences were found in the detectability of the
main lesion on MIPs of CE and MIPs of DWI based on the mass/non-mass categorization
(p = 0.092 and p = 0.146, respectively). The ADC values showed no significant difference in
detectability of the main lesion on MIPs of CE-MRI (p = 0.235), while a significant difference
was observed for the main lesion on MIPs of DWI (p = 0.017). The combined scores of CE-
MRI and DWI showed significant differences in detectability for both MIPs of CE-MRI and
MIPs of DWI (p < 0.001). Notably, the detectability of the main lesion on MIPs of CE-MRI
and DWI was associated with pathology, with statistically significant differences observed
for both (p = 0.012 and p = 0.216, respectively). In summary, the study findings highlight
the influence of size, ADC values, combined scores, and pathology on the detectability of
the main lesion on MIPs of CE-MRI and DWI, providing valuable insights for the clinical
assessment and interpretation of breast MRI results.

Univariable and multivariable logistic regression analyses were conducted to iden-
tify clinically important findings associated with a higher DWI score than CE-MRI score
(Table 4). Among the variables examined, two variables showed significant association in
the multivariable analysis. First, the presence of a marked BDS was significantly associated
with a lower likelihood of a higher DWI score (odds ratio [OR] = 0.18, 95% confidence
interval [CI] = 0.08–0.38, p < 0.001) (Figures 4 and 5). Second, the presence of a non-mass
lesion was associated with a decreased likelihood of a higher DWI score compared with
mass lesions (OR = 0.61, 95% CI = 0.28–1.29, p = 0.196) (Figure 6). Other variables, including
size, ADC value, pathology type, tumor grade, lymph node status, hormone receptor status
(ER and PR), HER2 status, KI-67 group, and immunophenotype, did not show a statistically
significant association with higher DWI scores in the multivariable analysis (p > 0.05).
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Table 3. Detectability of main breast lesions.

Total (N = 186)

MIP of CE-MRI MIP of DWI

not seen
(n = 21)

partially/definitely
seen (n = 165) p value not seen

(n = 16)
partially/definitely

seen (n = 170) p value

Size 0.002 0.157

Mean ± SD 18.4 ± 12.7 29.4 ± 19.6 22.4 ± 15.9 28.7 ± 19.5

Median (IQR) 13.0
(10.0–25.0) 23.0 (16.0–37.0) 19.0 (9.5–32.0) 22.0 (15.0–36.0)

Mass/non-mass 0.092 0.146

mass,
mass and non-mass 12 (57.1) 123 (74.5) 9 (56.3) 126 (74.1)

Non-mass 9 (42.9) 42 (25.5) 7 (43.8) 44 (25.9)

ADC value 0.235 0.017

Mean ± SD 0.9 ± 0.2 0.9 ± 0.3 1.1 ± 0.3 0.9 ± 0.2

Median (IQR) 0.9 (0.8–1.0) 0.9 (0.8–1.0) 1.0 (0.9–1.2) 0.9 (0.8–1.0)

Score in CE-MRI <0.001 <0.001

Mean ± SD 1.7 ± 0.5 5.9 ± 1.6 3.3 ± 2.0 5.7 ± 1.9

Median (IQR) 2.0 (1.0–2.0) 6.0 (5.0–7.0) 2.5 (2.0–4.5) 6.0 (4.0–7.0)

Score in DWI 0.002 <0.001

Mean ± SD 4.6 ± 2.7 6.5 ± 2.2 1.8 ± 0.4 6.7 ± 2.0

Median (IQR) 4.0 (2.0–7.0) 7.0 (5.0–8.0) 2.0 (2.0–2.0) 7.0 (5.0–8.0)

Combined score <0.001 <0.001

Mean ± SD 4.6 ± 2.6 6.9 ± 1.8 3.3 ± 2.0 6.9 ± 1.8

Median (IQR) 4.0 (2.0–7.0) 7.0 (6.0–8.0) 2.5 (2.0–4.5) 7.0 (6.0–8.0)

Pathology 0.012 0.216

DCIS 10 (47.6) 34 (20.6) 6 (37.5) 38 (22.4)

IDC + others 11 (52.4) 131 (79.4) 10 (62.5) 132 (77.6)

CE-MRI: contrast-enhanced magnetic resonance imaging; DWI: diffusion-weighted imaging; MIP: maximal
intensity projection; ADC: apparent diffusion coefficient; IDC: invasive ductal carcinoma; DCIS: ductal carcinoma
in situ; Size = mm, ADC value = 10−3 mm2/s; SD standard deviation; IQR: inter-quartile range.
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BDS and a 1.3 cm mass in the 3 o’clock position of left breast. ADC value on ADC map was 0.73. In 
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Figure 3. Preoperative breast MRI of 39-year-old woman with invasive ductal carcinoma. (a) MIP of
CE-MRI showed marked BPE and unseen suspicious breast lesion, (b) MIP of DWI showed mild BDS
and a 1.3 cm mass in the 3 o’clock position of left breast. ADC value on ADC map was 0.73. In the
scoring system, 1 on CE-MRI, 9 on DWI and combined. Triple-negative breast cancer was confirmed.
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Table 4. Univariable and multivariable logistic regression for higher DWI scores.

Higher DWI Scores

Yes (n= 85) No (n = 101)
Univariate
Odds Ratio

(95% CI)

Univariate
p

Multivariate
Odds Ratio

(95% CI)

Multivariate
p

BDS

Unmarked 72 (58.5) 51 (41.5) reference reference

Marked 13 (20.6) 50 (79.4) 0.19 (0.09–0.38) <0.001 0.18 (0.08–0.38) <0.001

Size

Mean ± SD 26.7 ± 16.5 29.3 ± 21.3 0.99 (0.98–1.01) 0.387

Median (IQR) 22.0 (15.0–32.0) 21.0 (14.0–38.0)

Size > 20 mm

no 38 (44.2) 48 (55.8) reference

yes 47 (47.0) 53 (53.0) 1.12 (0.63–2.00) 0.705

Mass/non-mass

mass, mass and
non-mass 68 (50.4) 67 (49.6) reference reference

non-mass 17 (33.3) 34 (66.7) 0.50 (0.26–0.98) 0.043 0.61 (0.28–1.29) 0.196

ADC value

Mean ± SD 0.8 ± 0.2 1.0 ± 0.3 0.08 (0.02–0.36) 0.001 0.13 (0.03–0.60) 0.009

Median (IQR) 0.8 (0.7–0.9) 0.9 (0.8–1.1)

PATHOLOGY1 0.300

DCIS 17 (38.6) 27 (61.4) reference

IDC 63 (50.0) 63 (50.0) 1.57 (0.78–3.16) 0.205

ILC 1 (14.3) 6 (85.7) 0.36 (0.05–2.66) 0.318

Mucinous ca 1 (16.7) 5 (83.3) 0.43 (0.06–3.30) 0.416

Papillary ca 1 (100.0) 0 (0.0) 5.96
(0.05–768.9) 0.472

Tubular ca 2 (100.0) 0 (0.0) 7.86
(0.18–340.1) 0.284

PATHOLOGY2

DCIS 17 (38.6) 27 (61.4) reference

IDC + others 68 (47.9) 74 (52.1) 1.44 (0.72–2.88) 0.296

Grade in IDC (n = 142) 0.087

Grade1 11 (33.3) 22 (66.7) reference

Grade2 35 (47.9) 38 (52.1) 1.80 (0.77–4.24) 0.176

Grade3 22 (61.1) 14 (38.9) 3.04 (1.14–8.12) 0.027

Grade in DCIS (n = 44) 0.778

low 2 (50.0) 2 (50.0) reference

intermediate 11 (40.7) 16 (59.3) 0.70 (0.08–5.72) 0.737

high 4 (30.8) 9 (69.2) 0.47 (0.05–4.63) 0.521

LN

Negative 58 (43.6) 75 (56.4) reference

Positive 27 (50.9) 26 (49.1) 1.34 (0.71–2.54) 0.370
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Table 4. Cont.

Higher DWI Scores

Yes (n= 85) No (n = 101)
Univariate
Odds Ratio

(95% CI)

Univariate
p

Multivariate
Odds Ratio

(95% CI)

Multivariate
p

ER

Negative 18 (69.2) 8 (30.8) reference reference

Positive 67 (41.9) 93 (58.1) 0.33 (0.14–0.80) 0.015 0.25 (0.06–1.06) 0.060

PR

Negative 23 (63.9) 13 (36.1) reference reference

Positive 62 (41.3) 88 (58.7) 0.41 (0.19–0.86) 0.019 1.34 (0.39–4.56) 0.644

HER2

Negative 73 (47.7) 80 (52.3) reference

Positive 12 (36.4) 21 (63.6) 0.64 (0.29–1.38) 0.254

KI-67

<20% 49 (45.4) 59 (54.6) reference

≥20% 36 (46.2) 42 (53.8) 1.03 (0.58–1.85) 0.915

IHC type 0.094

Luminal A 41 (44.1) 52 (55.9) reference

Luminal B 27 (39.1) 42 (60.9) 0.82 (0.43–1.54) 0.535

Her2+ 5 (62.5) 3 (37.5) 1.99 (0.45–8.72) 0.363

Triple- 12 (75.0) 4 (25.0) 3.51
(1.08–11.48) 0.037

DWI: Diffusion-weighted imaging; BDS: background diffusion signal; ADC: apparent diffusion coefficient; IHC:
immunohistochemical; IDC: invasive ductal carcinoma; ILC: invasive lobular carcinoma; DCIS: ductal carcinoma
in situ; LN: lymph node; ER: estrogen receptor; PR: progesterone receptor; HER2: human epidermal growth factor
receptor 2; Size = mm; ADC value = 10−3 mm2/s.
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Figure 4. Preoperative breast MRIs of 43-year-old woman with breast malignant lesions. The pres-
ence of a marked BDS was significantly associated with a lower likelihood of a higher DWI score. 
(a) MIP of CE-MRI showed marked BPE and unseen suspicious breast lesion (score 1), (b) MIP of 
DWI showed marked BPE and unseen suspicious breast lesion (score 1). About 1.2 cm mucinous 
cancer was confirmed at the 5 o’clock position in left breast. 

  
(a) (b) 

Figure 5. Preoperative breast MRIs of 49-year-old woman with breast malignant lesions. The pres-
ence of a marked BDS was significantly associated with a lower likelihood of a higher DWI score. 
(a) MIP of CE-MRI showed marked BPE and partially seen suspicious breast lesion (score 4), (b) 

Figure 4. Preoperative breast MRIs of 43-year-old woman with breast malignant lesions. The presence
of a marked BDS was significantly associated with a lower likelihood of a higher DWI score. (a) MIP
of CE-MRI showed marked BPE and unseen suspicious breast lesion (score 1), (b) MIP of DWI
showed marked BPE and unseen suspicious breast lesion (score 1). About 1.2 cm mucinous cancer
was confirmed at the 5 o’clock position in left breast.
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Figure 4. Preoperative breast MRIs of 43-year-old woman with breast malignant lesions. The pres-
ence of a marked BDS was significantly associated with a lower likelihood of a higher DWI score. 
(a) MIP of CE-MRI showed marked BPE and unseen suspicious breast lesion (score 1), (b) MIP of 
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Figure 5. Preoperative breast MRIs of 49-year-old woman with breast malignant lesions. The pres-
ence of a marked BDS was significantly associated with a lower likelihood of a higher DWI score. 
(a) MIP of CE-MRI showed marked BPE and partially seen suspicious breast lesion (score 4), (b) 

Figure 5. Preoperative breast MRIs of 49-year-old woman with breast malignant lesions. The presence
of a marked BDS was significantly associated with a lower likelihood of a higher DWI score. (a) MIP
of CE-MRI showed marked BPE and partially seen suspicious breast lesion (score 4), (b) MIP of DWI
showed mild BDS and definitive suspicious breast lesion with false-positive lesions (score 7). About
1.5 cm-sized invasive ductal cancer was confirmed in the central portion in right breast.
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supply and permeability of breast tissue, which are influenced by hormonal status [5]. 
However, BPE of normal breast parenchyma is a well-known and major clinical concern, 
significantly limiting breast tumor detection using CE-MRI. Telegrafo et al. and Demartini 
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one pre-contrast and one post-contrast acquisition with MIP images, completing the MRI 
acquisition in just 3 min and the interpretation time in less than 30 s. Remarkably, the 
diagnostic performance was on par with the full protocol [14]. Additionally, recent appre-
hensions regarding the deposition of gadolinium-based contrast agents in neuronal tis-
sues must not be dismissed [22]. Conversely, DWI is a valuable unenhanced technique 
that offers microstructural insights at the cellular level, enabling the detection of changes 
in tissue water related to modifications in tissues and intracellular structures [11]. Recent 
studies have demonstrated its potential for detecting and characterizing breast lesions, 
with technical advances enhancing its quality. In uncertain cases, the ADC on DWI can be 
utilized to reduce the need for biopsies [11,12,23,24]. A significant advantage is its high 

Figure 6. Preoperative breast MRI of a 52-year-old woman with ductal carcinoma in situ. The presence
of a non-mass lesion was associated with a decreased likelihood of higher DWI score compared with
the presence of mass lesions. (a) MIP of CE-MRI showed marked BPE and partially seen segmental
non-mass enhancement lesion (score 4), (b) MIP of DWI showed mild BDS and unseen suspicious
breast lesion (score 1). DCIS measuring about 4.5 cm was confirmed in the outer portion of the
right breast.

4. Discussion

This study showed that the MIP of DWI significantly improved the detection of true
suspicious lesions on MR imaging of young women with marked BPE.

Since its introduction in 1986, contrast-enhanced breast MRI has become the most
sensitive method for detecting invasive breast cancer [17–19]. After the intravenous admin-
istration of a gadolinium-based contrast agent, BPE can lead to the enhancement of normal
breast fibroglandular tissue. The extent of BPE can differ among women and even within
the same individual, and it is believed to be associated with changes in the vascular supply
and permeability of breast tissue, which are influenced by hormonal status [5]. However,
BPE of normal breast parenchyma is a well-known and major clinical concern, significantly
limiting breast tumor detection using CE-MRI. Telegrafo et al. and Demartini et al. reported
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that moderate and marked BPE reduces the sensitivity of CE-MRI imaging when compared
with minimal and mild BPE [20,21]. Many earlier studies have shown that combining the
DWI protocol results in a higher specificity compared with CE-MRI alone, by reducing
false positives [7–10].

The evolving approach of using an AP for screening breast MRI offers several advan-
tages, including shorter acquisition and interpretation times, reduced cost, and comparable
diagnostic accuracy to the full protocol [13,14]. In a previous study, the AP used one
pre-contrast and one post-contrast acquisition with MIP images, completing the MRI acqui-
sition in just 3 min and the interpretation time in less than 30 s. Remarkably, the diagnostic
performance was on par with the full protocol [14]. Additionally, recent apprehensions
regarding the deposition of gadolinium-based contrast agents in neuronal tissues must
not be dismissed [22]. Conversely, DWI is a valuable unenhanced technique that offers
microstructural insights at the cellular level, enabling the detection of changes in tissue
water related to modifications in tissues and intracellular structures [11]. Recent studies
have demonstrated its potential for detecting and characterizing breast lesions, with tech-
nical advances enhancing its quality. In uncertain cases, the ADC on DWI can be utilized
to reduce the need for biopsies [11,12,23,24]. A significant advantage is its high sensitivity
for detecting breast cancer without the need for contrast material injection, as shown in
a recent meta-analysis with an overall sensitivity of 84% and specificity of 79% [25]. Our
study also detected a significant difference in the main lesion on MIPs of DWI based on
ADC values (p = 0.017).

Kang et al. suggested that DWI MIPs could be a cost-effective alternative to the
AP, leading to shorter acquisition and interpretation times, while avoiding the risk of
gadolinium-based contrast agents. In their study, the AP’s diagnostic performance, em-
ploying T1WI and rs-EPI DWI, closely resembled that of conventional CE-MRI, showcasing
sensitivities ranging from 80.0% to 90.0%, specificities from 93.4% to 95.1%, PPV3s from
28.1% to 32.0%, and NPVs from 99.4% to 99.7%. The false-positive rates were minimal,
ranging from 4.7% to 6.4% [26]. However, their study population differed from ours, as it in-
volved postoperative breast MRI, which is generally easier due to treatment-related changes
such as decreased lesion numbers after surgery and reduced BPE following radiation or
anti-hormonal therapy [19].

Our study focused on preoperative CE-MRI, and the frequencies of various BPE cate-
gories were as follows: minimal (n = 422, 32.4%), mild (n = 410, 31.5%), moderate (n = 290,
22.3%), and marked (n = 181, 13.9%), with marked BPE showing the least prevalence.
We specifically targeted young patients with breast cancer (≤60 years old) with marked
BPE. BPE is a valuable imaging marker for breast cancer risk assessment and can impact
the interpretation of breast MRI [27,28]. And BPE is a known risk factor for breast can-
cer [5,29,30]. In our institution, the frequency of breast cancer in individuals over the age of
60 is significantly lower. The elderly population (>60) represents only a small proportion,
and instances of marked BPE in this age group are exceedingly rare. Therefore, for this
study, we defined the elderly age group as >60 and excluded it accordingly.

The MIP was central to our study, and its value has been demonstrated. The MIP
images facilitated easy and rapid assessment and comparison. However, MIP images have
limitations in evaluating shape, margin, and internal enhancement compared with the
entire conventional CE-MRI images. Therefore, instead of using the BI-RADS, we employed
a 1–10 scoring system, focusing on detectability. In our study, among 181 patients with
marked BPE on the MIP of CE-MRI, the distribution of the BDS was as follows: minimal
(n = 18, 9.7%), mild (n = 47, 25.3%), moderate (n = 58, 31.2%), and marked (n = 63, 33.9%),
with the majority being unmarked (123, 66.1%) compared with marked (63, 33.9%). The
observed results indicate a lack of correlation between BPE on CE-MRI and the BDS on DWI.
While mammographic density and BPE are well-established risk factors for breast cancer,
no significant correlation was found between them [5]. Consequently, we propose that
mammographic density, BPE, and BDS are not correlated factors. Based on these findings,
we confirmed that DWI is particularly helpful in breast cancer detection, especially in
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patients with marked BPE on CE-MRI but an unmarked BDS on DWI. Accordingly, the
univariable and multivariable logistic regression analyses were conducted to identify
clinically important findings associated with a higher score in DWI than in CE-MRI. Among
the variables examined, two variables showed a significant association in the multivariable
analysis. First, the presence of a marked BDS was significantly associated with a lower
likelihood of a higher DWI. Second, the presence of a non-mass lesion was associated with
a decreased likelihood of a higher DWI score compared with a mass lesion.

There were several limitations to our present study. First, we included a limited
number of patients and adopted a retrospective study design. However, we did include
a consecutive group of uniform patients who underwent preoperative breast MRI using
a 3T MR scanner during the study period and definitive surgery. Second, we evaluated
only the preoperative breast MRI, which may induce selection bias. This may affect image
evaluations by radiologists. Third, subjective interpretations of MR imaging may also affect
the image evaluation by radiologists.

Our primary focus in this study was to assess the detectability of breast cancer in
young patients with marked BPE. We did not find any correlation between BPE on CE-MRI
and a BDS on DWI. However, in cases where CE-MRI showed marked BPE but DWI did
not show a marked BDS, additional analysis of DWI proved to be extremely helpful in
breast cancer detection. Furthermore, we found that utilizing MIPs of DWI served as an
effective tool for detecting breast malignancy.

5. Conclusions

In conclusion, the inclusion of MIPs of DWI in the preoperative evaluation of breast
cancer patients, particularly young women with marked BPE, can be highly beneficial in
improving the overall diagnostic process.
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Abstract: Breast cancer remains the most prevalent cancer among women worldwide, necessitating
advancements in diagnostic methods. The integration of artificial intelligence (AI) into mammography
has shown promise in enhancing diagnostic accuracy. However, understanding patient perspectives,
particularly considering the psychological impact of breast cancer diagnoses, is crucial. This narrative
review synthesizes literature from 2000 to 2023 to examine breast cancer patients’ attitudes towards
AI in breast imaging, focusing on trust, acceptance, and demographic influences on these views.
Methodologically, we employed a systematic literature search across databases such as PubMed,
Embase, Medline, and Scopus, selecting studies that provided insights into patients’ perceptions of AI
in diagnostics. Our review included a sample of seven key studies after rigorous screening, reflecting
varied patient trust and acceptance levels towards AI. Overall, we found a clear preference among
patients for AI to augment rather than replace the diagnostic process, emphasizing the necessity
of radiologists’ expertise in conjunction with AI to enhance decision-making accuracy. This paper
highlights the importance of aligning AI implementation in clinical settings with patient needs and
expectations, emphasizing the need for human interaction in healthcare. Our findings advocate for a
model where AI augments the diagnostic process, underlining the necessity for educational efforts to
mitigate concerns and enhance patient trust in AI-enhanced diagnostics.

Keywords: artificial intelligence; breast cancer; screening; diagnosis; psychological burden; population;
survey; policy; healthcare

1. Introduction

Breast cancer has long stood as one of the most prevalent forms of neoplastic dis-
eases affecting women globally. Its prominence among the most common forms of can-
cer has persisted over decades, shaping healthcare strategies and research endeavors
worldwide. The year 2020, in particular, marked a significant landmark, with an esti-
mated 19.3 million new cancer cases reported and nearly 10 million cancer-related deaths
recorded worldwide. Among these statistics, breast cancer emerged as the most common,
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with approximately 2.2 million new cases diagnosed and close to 685,000 deaths attributed
to the disease, thus being more ordinarily diagnosed even than lung cancer [1]. Breast
cancer in the male population represents a rare entity with an estimated incidence of 1.2 per
100,000 in the US. Specific risk factors such as gynecomastia, BRCA mutations, Klinefelter
syndrome, previous radiation exposure to the chest, and high estrogen levels are tightly
linked to these diagnoses; therefore, routine screening mammography is not recommended
for asymptomatic men [2].

The evolution of artificial intelligence (AI) in medical imaging and diagnostics has
ushered in an era of precision medicine, significantly impacting breast cancer detection
and management. AI algorithms, particularly in mammography [3], have demonstrated
potential in enhancing diagnostic accuracy, reducing false positives and negatives, aiding
risk stratification and prognostication [4], and sensibly reducing the time to examine images,
which are very useful in breast cancer screening [5,6].

However, the successful implementation of AI in clinical practice hinges not only on
its technical efficacy but also on patients’ acceptance and attitudes towards this technology.
Understanding patients’ perceptions is crucial in the context of breast cancer diagnosis,
where the psychological burden of screening and diagnosis is substantial [7]. Patient
attitudes towards AI in healthcare can influence their willingness to engage with AI-assisted
diagnostic procedures and can impact their trust in the outcomes of such diagnostics.

Patients’ attitudes towards AI in medicine are a topic of growing interest. Attitudes
of patients towards AI differ, as some are optimistic about its potential to enhance health-
care while others harbor concerns, especially about possible misdiagnosis and privacy
breaches [8]. Additionally, research has shown that patients generally prefer human doctors
to AI-powered machines in diagnosis, screening, and treatment [9]. Overall, these findings
underscore the importance of understanding and addressing patient attitudes towards AI
in medicine.

The primary aim of this narrative review is to elucidate patient perceptions regarding
the potential role of deep-learning algorithms in the detection of breast cancer. Specifically,
we sought to understand patient apprehensions about the use of AI software in routine
radiological practice. Central to our analysis are questions about patient trust, such as
whether patients show more confidence in the clinical judgment of radiologists compared
to AI predictions, or if there is a noticeable shift towards relying on algorithmic analysis.
Additionally, we aimed to determine the extent of AI involvement that patients find
acceptable or preferable in their diagnostic journey, thus providing insights that could
guide the integration of AI in medical practice in a manner that is sensitive to patient needs
and concerns.

We performed this narrative literature review utilizing databases such as PubMed,
Embase, Medline, and Scopus, spanning publications from January 2000 to December
2023. Our search strategy involved a carefully constructed string of key terms to ensure a
thorough exploration of the relevant literature. The search string employed was: (“artifi-
cial intelligence” OR “AI”) AND (“breast cancer” OR “mammography”) AND (“patient
perspective” OR “patient opinion” OR “quality of life” OR “QoL”) AND (“screening” OR
“diagnosis” OR “radiology”).

Through this meticulous approach, our initial search yielded a total of 49 results.
Subsequently, we subjected these findings to a double reading assessment of the entire
papers, excluding 42 papers and selecting 7 studies that contribute to shed light on the
intricate relationship between AI, breast cancer diagnosis, and the patient experience,
allowing for a deeper exploration of this critical field [9–15].

2. Receiving a Diagnosis of Breast Cancer
2.1. The Physical and Psychological Aftermath

Receiving a breast cancer diagnosis marks the onset of a challenging journey, encom-
passing not only the physical battles against the disease but also confronting its psychologi-
cal repercussions. [16] Breast cancer exhibits a notable frequency of coexisting conditions,
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including psychological discomfort [17–19] issues related to anxiety and mood [20,21],
feelings of depression [22], and enduring fatigue coupled with reduced social engage-
ments, emerging as prevalent reactions to the diagnosis and therapeutic interventions
associated with breast cancer [23]. In particular, it has been observed that the psychological
impact of the illness is significant, especially in the transition to motherhood for women
of childbearing age [19]. For these women, fears and concerns associated with a cancer
diagnosis are primarily linked to the disease and its potential effects on pregnancy and
the child’s health [19]. Furthermore, individuals diagnosed with primary breast cancer
remain susceptible to enduring psychological challenges over an extended duration [24,25],
underscoring the substantial influence of this health condition on the overall well-being of
affected individuals.

The improvements in early cancer detection and efficacy of innovative treatments
developed in recent years have supported a prolonged lifespan of cancer patients, generat-
ing, however, the onset of long-term psychological and physical consequences and altered
quality of life [26]. During treatment, in fact, whether involving minor or major procedures,
patients may grapple with temporary or permanent alterations to their bodies, giving rise
to significant psychological challenge [27–30]. The removal of breasts, the development of
swollen arms due to lymphedema, chemotherapy-induced baldness, pharmacologically
triggered menopause, heightened skin sensitivity from radiation, and the use of prosthet-
ics can impact the self-perception, body image, sexual function, and overall emotional
well-being of women with breast cancer [16,31,32].

Moreover, 90% of breast cancer survivors experience sequalae following treatments,
including a decline in physical strength of their upper body, and chronic neuropathic pain
or nonpainful sensations in the amputated breast following surgery [33]. Accordingly, the
integration of supportive measures, tailored to address both the physical and emotional
strains, is essential in fostering resilience and recovery.

2.2. Psychological Burden of Carrying a BRCA Genetic Mutation

The discovery of a BRCA mutation carries with it not just a heightened risk for breast
cancer but also a profound psychological burden, stemming from the anticipation of cancer
and its implications on familial and personal health [34]. BRCA1 and BRCA2 stand out as
the predominant genes associated with this specific cancer type compared to others [35]. It
is reported that 55–72% of women who inherit a harmful BRCA1 variant and 45–69% of
women who inherit a harmful BRCA2 mutation will develop breast cancer by 70–80 years
of age, while the chances of developing breast cancer among the general population at
some point in their lives is about 13% [36].

Several factors contribute to the decision-making process regarding preventive strate-
gies among BRCA carriers. Some factors are linked to information processing [37] while
others are associated with psychosocial variables such as risk perception, cancer-related
worry, levels of emotion dysregulation, family history, and having young children [38,39].

The potential psychological responses and related considerations when a mutation
is detected in an individual could include elevated levels of distress, anxiety, and depres-
sion [40]. These psychological manifestations can be attributed to an increased risk of
future illnesses and implications not only for the health of the tested individuals but also
for their entire family [41]. In addition, increased psychological distress may be triggered
when genetic testing is conducted during a woman’s fertile age, highlighting the necessity
also for fertility counseling [42]. Addressing these needs comprehensively can alleviate the
psychological impact and empower women carrying a genetic mutation to make informed
choices about their health [43,44].
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2.3. Artificial Intelligence and Breast Cancer: Patients’ Perspectives

The integration of AI in medical diagnostics, particularly in breast cancer detection,
is a rapidly evolving field. This evolution has prompted a need to understand the pa-
tient’s perspective on AI’s role in their healthcare. To address this gap, our research
focuses on analyzing existing literature that explores patient attitudes towards AI in breast
cancer diagnosis.

The main take-home messages of our review are summarized in Table 1.

Table 1. A concise overview of the major findings and implications from our review.

Aspect Take-Home Messages

AI’s Potential in Diagnosis AI enhances diagnostic accuracy and efficiency
in breast cancer screening.

Patient Concerns Varied concerns about AI’s trustworthiness,
personal interaction, and accountability.

Role of Radiologists Patients prefer AI as a complement to
radiologists, not a replacement.

Demographic Variations Perceptions of AI vary by demographic;
tailored patient education is crucial.

Legal and Ethical Considerations Need for explainable AI and governance
frameworks to address legal/ethical issues.

Future Focus Harmonize AI with patient needs, ensuring it
supports human elements of healthcare.

In 2022, Borondy Kitts A.B. [41] reported that patient engagement in radiology AI
revolves around two key areas: data sharing for AI development and AI’s use in patient
care. Patients generally support data sharing if it benefits others or research but have
concerns about privacy risks and trust issues. In terms of AI in medical care, patients
are open to AI assisting radiologists but lack trust in unsupervised AI. They worry about
liability, loss of human connection, and bias in AI algorithms. Building trust in AI requires
transparency, security, and privacy measures. According to the author, radiologists can
prepare patients by implementing data-sharing agreements for algorithm development and
having discussions about AI use in their care. This presents an opportunity for radiologists
to maintain strong patient relationships as AI becomes more integrated into healthcare.

In 2021, Ongena et al. [39] published the results of a survey administered to women
undergoing screening mammography in the Netherlands; specifically, they investigated
four precise themes regarding AI in radiology: trust and accountability (trust in AI in
taking over diagnostic interpretation tasks of the radiologist, both with regard to accu-
racy, communication, and confidentiality), personal interaction (preference of personal
interaction over AI-based communication), efficiency (belief in whether AI could improve
diagnostic workflow), and a newly developed scale measuring the attitude towards AI in
general medicine. They also took into consideration social status and the level of education
of the patients. Their results showed that their population does not trust AI enough for its
use in standalone interpretation of screening mammograms. Respondents were slightly
more optimistic about the use of AI as a tool that could help select patients that require
a second reader or not. However, a considerable proportion (41%) still opposed the idea
of using AI as a tool to select patients for second reading. Seventeen percent of women
explicitly objected against using AI as an actual second reader. Therefore, the combination
of a radiologist as a first reader and an AI system as a second reader seems to be the most
feasible approach to the population at present, as suggested also by the above-mentioned
recent clinical trials [5,6].

In 2020, Lennox-Chhugani et al. [42] administered a similar survey that investigated
topics concerning attitudes of women to the use of AI in the breast screening process in
four National Health Service trusts providing acute care in the East Midlands of England.
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The study revealed that women generally have a limited understanding of the current
mammogram reading process, with only a minority recognizing the involvement of two
human readers in blind readings. However, sentiment analysis of free-text responses indi-
cated that a significant proportion of women expressed positivity towards the use of AI
in breast screening, with the largest percentage holding positive views. Additionally, the-
matic analysis highlighted perceived benefits of AI in breast screening, including increased
efficiency, improved reliability, and greater safety. Many women expressed the belief that
AI integration in breast screening is inevitable and beneficial for the future. Interestingly,
women of screening age showed a higher inclination towards positive views on AI in breast
screening compared to younger women, despite being less likely to use AI in everyday
health advice or hold positive views of its impact in society.

In 2020, Adams et al. [43] investigated similar topics by a roundtable discussion
where radiologists engaged with patients and invited them to share their opinions and
concerns about the use of AI in radiology. They noted that the four themes that recurred
the most during their conversation were the following: fear of the unknown, trust, human
connection, and cultural acceptability. On the other hand, patients agreed that AI could
have a positive impact on the workflow of radiologists by improving access and reducing
waiting times, reducing time to diagnosis, and even increasing diagnostic accuracy.

In 2021, Pesapane et al. [9] conducted studies, including a survey, to investigate the
attitudes and perceptions of patients towards the use of AI in mammography. Researchers
administered an anonymous questionnaire to participants in a breast cancer screening
program, focusing on their opinions about the introduction of AI in mammography. This
questionnaire was developed in collaboration with psycho-oncologists and subsequently
validated. The findings revealed that a significant portion of the sample (88%) held a
positive view of AI’s role in mammography screening, recognizing its potential utility and
security. Notably, 94% of respondents believed that radiologists should always provide
their interpretation of mammograms. Furthermore, 90% opined that AI could assist in
identifying cases warranting further investigation. A substantial majority (77%) concurred
that AI should be employed at least as a secondary reader. A critical insight emerged
regarding the attribution of responsibility for potential AI errors. About 52% of the par-
ticipants believed that both software developers and radiologists share the responsibility
for any mistakes made by AI systems. The survey also uncovered intriguing variations in
opinions across different demographics. Women from diverse age groups and educational
backgrounds exhibited distinct perspectives on AI’s potential use and involvement in
medicine, highlighting the importance of considering demographic factors when assessing
patient attitudes towards AI in healthcare. Women with a higher education level (e.g., high
school diploma or university degree) were positively associated with optimistic thinking on
the use of AI, although some concern was also observed among the more educated. Particu-
larly, authors reported a lower perceived accuracy in medical AI knowledge as educational
level increased. This subjective evaluation of personal knowledge about medical AI was
explained by the “Dunning–Kruger” [45] effect, which describes how people with limited
skills or knowledge in an area of expertise tend to overestimate their own knowledge or
competence in that domain. Also, according to this survey, women held both software and
radiologists accountable for errors.

The matter of accountability of errors when implementing AI is extremely controver-
sial. Standardized AI governance frameworks and proper AI regulation and legislation are
still loosely defined and largely underdeveloped [46]. The attribution of responsibility by
patients is related to their understanding of the AI apparatus and workflow, which is not
always fully explainable due to the “black box” nature of its networks [47,48]. The concept
of “explainable AI” has recently been developed to unravel the inexplicable algorithms
of AI in order to address and resolve ethical and legal issues, also concerning fault and
accountability, and to make its use in clinical practice more acceptable and understandable
by patients [49].
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Additionally, in 2022, Bunnel and Rowe [44] investigated the effects that the imple-
mentation of AI in breast imaging could have on the relationship between the radiologist
and the patient and their ways of communication. The results of their analysis showed that
patients perceive and appreciate the competency of the radiologist by mutual effective com-
munication and human interpretation of AI-generated diagnoses. According to patients,
radiologists are able to administer adequate care when their competency and expertise are
unaffected by AI integration, and they effectively identify potential AI errors.

The key findings of these investigations and surveys are summarized in Table 2.

Table 2. A synopsis of the key findings in the research and surveys conducted by the authors
referenced in our review.

Study Key Findings

Borondy Kitts (2022) [41]

- Patients support data sharing for AI development but have
concerns about privacy and trust.

- They are open to AI assisting radiologists but lack trust in
unsupervised AI.

- Building trust in AI requires transparency and
privacy measures.

Ongena et al. (2021) [39]

- Population lacks trust in AI for standalone interpretation
of mammograms.

- Slightly more optimistic about AI assisting in patient
selection for further review.

- Prefer the combination of a radiologist as the first reader
and AI as the second reader

Lennox-Chhugani et al.
(2020) [42]

- Women express positivity towards AI in breast screening,
citing increased efficiency and reliability.

- Many believe AI integration in breast screening is inevitable
and beneficial for the future

Adams et al. (2020) [43]

- Patients express fear of the unknown and concerns about
trust and human connection regarding AI in radiology.

- They believe AI could positively impact
radiologists’ workflow

Pesapane et al. (2021) [9]

- Majority of participants hold a positive view of AI’s role in
mammography screening.

- Most believe radiologists should always provide their
interpretation of mammograms.

- Patients hold both software developers and radiologists
accountable for AI errors.

Bunnel and Rowe (2022) [44]

- Patients appreciate effective communication and human
interpretation of AI-generated diagnoses by radiologists.

- Radiologists are perceived as competent when their
expertise is unaffected by AI integration.

Interestingly, a survey concerning similar topics was conducted in the UK by de
Vries et al. [50] that, on the other hand, was aimed at the evaluation of the opinions of
screening readers on the use and future applications of AI in mammography. Accredited
breast cancer screening readers were asked to respond and give their opinions on four dif-
ferent scenarios for future, possible utilization of AI: a “partial replacement scenario” with
a specialist and an AI algorithm examining the mammograms where, in case of disagree-
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ment, a different specialist would make the final decision; a “total replacement scenario”
with AI algorithms examining the mammograms without input from radiologists, thus
making the final decision; a “triage scenario” with AI algorithms initially examining the
mammograms where, if suspicious findings are detected, a specialist would be required to
review the image; a “companion scenario” with mammograms continuing to be examined
by specialists as is the current practice, with on-demand access to an AI algorithm to help
them make their decisions.

The data obtained from the survey evidenced that breast screening readers in the UK
favor the introduction of AI, with over 63% of participants having a positive or strongly
positive view of AI use in screening. Respondents overall preferred partial replacement
(AI replaces one human reader) over other AI implementation scenarios. They objected
to the total replacement scenario, while views on the triage and companion scenarios
were mixed.

Some comments added by the responding radiologists also suggested other possible
uses of AI in the screening setting, such as maximizing image quality, interpreting breast
density, and then assessing risk and possible masking from breast density and fat—the
parenchyma ratio—so that the algorithm can suggest whether or not to perform tomosyn-
thesis. Approximately half of the respondents thought first readers (52%) and second
readers (51%) should have access to the AI opinion. Most respondents (68%) thought that
third readers or an arbitration panel should have access to the AI opinion.

In summary, the collective findings extracted from the referenced articles and surveys
conducted among patients and breast radiologists alike score a harmonious consensus.
Both groups emphasize the insufficiency of exclusively relying on AI for mammogram
assessment, preferring instead its partial integration into the decision-making process. AI
should function as an auxiliary tool, potentially assuming the role of a second or third
reader in conjunction with a human radiologist. Such a collaborative approach not only
optimizes diagnostic accuracy but also values the continued significance of human expertise
and judgment in breast cancer detection and diagnosis.

Finally, we must acknowledge that the studies considered in this review predomi-
nantly originate from populations residing in medium- to high-income countries. These
countries are typically at the forefront of adopting and integrating AI applications into
various domains, including healthcare. Moreover, their populations tend to be more aware
of technological advancements and medical innovations [9]. However, it is crucial to ac-
knowledge that the impact of AI in healthcare, particularly in fields such as breast cancer
screening, is not limited to affluent nations, as the implementation of AI holds significant
promise in addressing healthcare disparities, especially in low-income countries [51–53]. As
low-income countries often face challenges in establishing and maintaining comprehensive
screening programs due to limited resources, infrastructure, and healthcare accessibil-
ity [54], AI has the potential to be a transformative tool, offering more accessible and
cost-effective solutions for breast cancer screening [53]. It could, in fact, help provide easy
access to better healthcare, such as screening mammography for vulnerable and at-risk
women through algorithm-assisted, telemedicine-based platforms [55].

However, a paradox emerges when considering the global application of AI in health-
care. While AI has the potential to reduce healthcare disparities by improving access
to screening and diagnostic services in low-income countries, the current concentration
of AI-related research and development in high-income regions poses a challenge. The
majority of AI algorithms are developed and validated on datasets primarily derived from
affluent populations, which may not adequately represent the diversity of health conditions,
demographics, and healthcare systems in low-income countries [7].

Furthermore, the adoption of AI in low-income regions can be hindered by several
factors, including limited access to high-quality medical data for algorithm training, inade-
quate infrastructure, and a lack of awareness and acceptance among healthcare providers
and communities. These challenges may inadvertently exacerbate healthcare disparities, as
the benefits of AI may not be equally accessible to all populations [52].
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To address these issues, initiatives should focus on developing AI solutions that are
adaptable to resource-constrained settings, promoting data sharing and collaboration,
and fostering education and awareness about the potential benefits of AI in healthcare.
Efforts to expand the reach of AI in healthcare should be guided by a commitment to
inclusivity, equitable access, and a thorough understanding of the specific challenges faced
by underserved populations [56]. Only then can AI fulfill its promise of reducing disparities
rather than accentuating them.

3. Conclusions

While recognizing AI’s potential for enhanced diagnostic accuracy and efficiency in
mammography, patients express varied concerns about trust, personal interaction, and
accountability, highlighting the need for a balanced approach in clinical practice.

Demographic differences in perceptions and concerns underline the importance of
tailored patient education about medical AI. Legal and ethical considerations, particularly
regarding error accountability and AI’s “black box” nature, necessitate the resolute de-
velopment of an ever-increasing explainable AI [57] as well as standardized ethics and
governance frameworks [58] capable of ensuring the ethical sustainability of AI and of
maintaining and strengthening patient trust [59].

Nevertheless, a fundamental ethical requirement, reported by participants themselves,
remains that of considering AI always as an empowering and enabling tool, which should
never replace human evaluation of images altogether or hinder the direct interaction and
communication between the radiologist and the patient.

In conclusion, the integration of AI presents substantial advancements in breast cancer
screening. However, its effective clinical implementation necessitates addressing patient
concerns and preserving the crucial role of radiologists in providing empathetic patient
care. Moving forward, it is essential to prioritize efforts aimed at aligning AI technology
with patient preferences and requirements, ensuring that AI complements rather than
replaces the human aspects of healthcare delivery.

Author Contributions: Conception and design: F.P., A.R., L.N. and E.G. Administrative support: E.C.,
R.G., G.P. and G.C. Provision of study materials or patients: All Authors, Collection and assembly
of data: F.P., E.G., B.C., A.R. and D.M. Data analysis and interpretation: All Authors. Manuscript
writing: F.P., E.G., B.C., R.G., L.N., A.R., G.C. and E.C. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: This work was partially supported by the Italian Ministry of Health Ricerca
Corrente 5 × 1000.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F.; Bsc, M.F.B.; Me, J.F.; Soerjomataram,

M.I.; et al. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in
185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef] [PubMed]

2. Khan, N.A.J.; Tirona, M. An updated review of epidemiology, risk factors, and management of male breast cancer. Med. Oncol.
2021, 38, 39. [CrossRef] [PubMed]

3. Pesapane, F.; Trentin, C.; Ferrari, F.; Signorelli, G.; Tantrige, P.; Montesano, M.; Cicala, C.; Virgoli, R.; D’acquisto, S.; Nicosia,
L.; et al. Deep learning performance for detection and classification of microcalcifications on mammography. Eur. Radiol. Exp.
2023, 7, 69. [CrossRef]

4. Pesapane, F.; Battaglia, O.; Pellegrino, G.; Mangione, E.; Petitto, S.; Manna, E.D.F.; Cazzaniga, L.; Nicosia, L.; Lazzeroni, M.;
Corso, G.; et al. Advances in breast cancer risk modeling: Integrating clinics, imaging, pathology and artificial intelligence for
personalized risk assessment. Future Oncol. 2023, 19, 2547–2564. [CrossRef]

54



Life 2024, 14, 454

5. Lång, K.; Josefsson, V.; Larsson, A.-M.; Larsson, S.; Högberg, C.; Sartor, H.; Hofvind, S.; Andersson, I.; Rosso, A. Artificial
intelligence-supported screen reading versus standard double reading in the Mammography Screening with Artificial Intelligence
trial (MASAI): A clinical safety analysis of a randomised, controlled, non-inferiority, single-blinded, screening accuracy study.
Lancet Oncol. 2023, 24, 936–944. [CrossRef] [PubMed]

6. Dembrower, K.; Crippa, A.; Colón, E.; Eklund, M.; Strand, F. Artificial intelligence for breast cancer detection in screening
mammography in Sweden: A prospective, population-based, paired-reader, non-inferiority study. Lancet Digit. Health 2023,
5, e703–e711. [CrossRef] [PubMed]

7. Pesapane, F.; Cassano, E. Enhancing Breast Imaging Practices: Addressing False-Positive Findings, Personalization, and Equitable
Access. Radiology 2023, 309, e232189. [CrossRef] [PubMed]

8. Khullar, D.; Casalino, L.P.; Qian, Y.; Lu, Y.; Krumholz, H.M.; Aneja, S. Perspectives of Patients about Artificial Intelligence in
Health Care. JAMA Netw. Open 2022, 5, e2210309. [CrossRef] [PubMed]

9. Pesapane, F.; Rotili, A.; Valconi, E.; Agazzi, G.M.; Montesano, M.; Penco, S.; Nicosia, L.; Bozzini, A.; Meneghetti, L.; Latronico,
A.; et al. Women’s perceptions and attitudes to the use of AI in breast cancer screening: A survey in a cancer referral centre. Br. J.
Radiol. 2023, 96, 20220569. [CrossRef] [PubMed]

10. Campbell-Enns, H.; Woodgate, R. The psychosocial experiences of women with breast cancer across the lifespan: A systematic
review protocol. JBI Database Syst. Rev. Implement. Rep. 2015, 13, 112–121. [CrossRef] [PubMed]

11. Arnaboldi, P.; Riva, S.; Crico, C.; Pravettoni, G. A systematic literature review exploring the prevalence of post-traumatic stress
disorder and the role played by stress and traumatic stress in breast cancer diagnosis and trajectory. Breast Cancer Targets Ther.
2017, 9, 473–485. [CrossRef] [PubMed]

12. Arnaboldi, P.; Lucchiari, C.; Santoro, L.; Sangalli, C.; Luini, A.; Pravettoni, G. PTSD symptoms as a consequence of breast cancer
diagnosis: Clinical implications. SpringerPlus 2014, 3, 392. [CrossRef] [PubMed]

13. Faccio, F.; Mascheroni, E.; Ionio, C.; Pravettoni, G.; Peccatori, F.A.; Pisoni, C.; Cassani, C.; Zambelli, S.; Zilioli, A.; Nastasi, G.; et al.
Motherhood during or after breast cancer diagnosis: A qualitative study. Eur. J. Cancer Care 2020, 29, e13214. [CrossRef] [PubMed]

14. Gallagher, J.; Parle, M.; Cairns, D. Appraisal and psychological distress six months after diagnosis of breast cancer. Br. J. Health
Psychol. 2002, 7, 365–376. [CrossRef] [PubMed]

15. Kissane, D.W.; Ildn, J.; Bloch, S.; Vitetta, L.; Clarke, D.M.; Smith, G.C.; McKenzie, D.P. Psychological morbidity and quality of
life in Australian women with early-stage breast cancer: A cross-sectional survey. Med. J. Aust. 1998, 169, 192–196. [CrossRef]
[PubMed]

16. Fann, J.R.; Thomas-Rich, A.M.; Katon, W.J.; Cowley, D.; Pepping, M.; McGregor, B.A.; Gralow, J. Major depression after breast
cancer: A review of epidemiology and treatment. Gen. Hosp. Psychiatry 2008, 30, 112–126. [CrossRef] [PubMed]

17. Denieffe, S.; Gooney, M. A meta-synthesis of women’s symptoms experience and breast cancer. Eur. J. Cancer Care 2011,
20, 424–435. [CrossRef] [PubMed]

18. Cohee, A.A.; Adams, R.N.; Fife, B.L.; Von Ah, D.M.; Monahan, P.O.; Zoppi, K.A.; Cella, D.; Champion, V.L. Relationship Between
Depressive Symptoms and Social Cognitive Processing in Partners of Long-Term Breast Cancer Survivors. Oncol. Nurs. Forum
2017, 44, 44–51. [CrossRef] [PubMed]

19. Schmidt, M.E.; Wiskemann, J.; Steindorf, K. Quality of life, problems, and needs of disease-free breast cancer survivors 5 years
after diagnosis. Qual. Life Res. 2018, 27, 2077–2086. [CrossRef] [PubMed]

20. Dinapoli, L.; Colloca, G.; Di Capua, B.; Valentini, V. Psychological Aspects to Consider in Breast Cancer Diagnosis and Treatment.
Curr. Oncol. Rep. 2021, 23, 38. [CrossRef] [PubMed]

21. Izci, F.; Ilgun, A.S.; Findikli, E.; Ozmen, V. Psychiatric Symptoms and Psychosocial Problems in Patients with Breast Cancer.
J. Breast Health 2016, 12, 94–101. [CrossRef] [PubMed]

22. Sebri, V.; Mazzoni, D.; Triberti, S.; Pravettoni, G. The Impact of Unsupportive Social Support on the Injured Self in Breast Cancer
Patients. Front. Psychol. 2021, 12, 722211. [CrossRef] [PubMed]

23. Durosini, I.; Triberti, S.; Savioni, L.; Sebri, V.; Pravettoni, G. The Role of Emotion-Related Abilities in the Quality of Life of Breast
Cancer Survivors: A Systematic Review. Int. J. Environ. Res. Public Health 2022, 19, 12704. [CrossRef] [PubMed]

24. Sebri, V.; Durosini, I.; Mazzoni, D.; Pravettoni, G. The Body after Cancer: A Qualitative Study on Breast Cancer Survivors’ Body
Representation. Int. J. Environ. Res. Public Health 2022, 19, 12515. [CrossRef] [PubMed]

25. Lopes, J.V.; Bergerot, C.D.; Barbosa, L.R.; Calux, N.M.d.C.T.; Elias, S.; Ashing, K.T.; Domenico, E.B.L.D. Impact of breast cancer
and quality of life of women survivors. Rev. Bras. Enferm. 2018, 71, 2916–2921. [CrossRef] [PubMed]

26. Jing, L.; Zhang, C.; Li, W.; Jin, F.; Wang, A. Incidence and severity of sexual dysfunction among women with breast cancer: A
meta-analysis based on female sexual function index. Support. Care Cancer 2019, 27, 1171–1180. [CrossRef] [PubMed]

27. Lovelace, D.L.; McDaniel, L.R.; Golden, D. Long-Term Effects of Breast Cancer Surgery, Treatment, and Survivor Care. J. Midwifery
Womens Health 2019, 64, 713–724. [CrossRef] [PubMed]

28. Bjørnslett, M.; Dahl, A.A.; Sørebø, Ø.; Dørum, A. Psychological distress related to BRCA testing in ovarian cancer patients. Fam.
Cancer 2015, 14, 495–504. [CrossRef]

29. Borreani, C.; Manoukian, S.; Bianchi, E.; Brunelli, C.; Peissel, B.; Caruso, A.; Morasso, G.; Pierotti, M. The psychological impact of
breast and ovarian cancer preventive options in BRCA1 and BRCA2 mutation carriers. Clin. Genet. 2014, 85, 7–15. [CrossRef]
[PubMed]

55



Life 2024, 14, 454

30. Kuchenbaecker, K.B.; Hopper, J.L.; Barnes, D.R.; Phillips, K.A.; Mooij, T.M.; Roos-Blom, M.J.; Jervis, S.; Van Leeuwen, F.E.; Milne,
R.L.; Andrieu, N.; et al. Risks of Breast, Ovarian, and Contralateral Breast Cancer for BRCA1 and BRCA2 Mutation Carriers.
JAMA 2017, 317, 2402. [CrossRef] [PubMed]

31. Landsbergen, K.M.; Brunner, H.G.; Manders, P.; Hoogerbrugge, N.; Prins, J.B. Educational-support groups for BRCA mutation
carriers satisfy need for information but do not affect emotional distress. Genet. Couns. 2010, 21, 423–437. [PubMed]

32. Jamal, L.; Schupmann, W.; Berkman, B.E. An ethical framework for genetic counseling in the genomic era. J. Genet. Couns. 2020,
29, 718–727. [CrossRef] [PubMed]

33. van Driel, C.M.G.; Oosterwijk, J.C.; Meijers-Heijboer, E.J.; van Asperen, C.J.; Zeijlmans van Emmichoven, I.A.; de Vries, J.; Mourits,
M.; Henneman, L.; Timmermans, D.; de Bock, G. Psychological factors associated with the intention to choose for risk-reducing
mastectomy in family cancer clinic attendees. Breast 2016, 30, 66–72. [CrossRef] [PubMed]

34. Guarino, A.; Polini, C.; Forte, G.; Favieri, F.; Boncompagni, I.; Casagrande, M. The Effectiveness of Psychological Treatments in
Women with Breast Cancer: A Systematic Review and Meta-Analysis. J. Clin. Med. 2020, 9, 209. [CrossRef] [PubMed]

35. Meiser, B. Psychological impact of genetic testing for cancer susceptibility: An update of the literature. Psycho-Oncology 2005,
14, 1060–1074. [CrossRef] [PubMed]

36. Knabben, L.; Siegenthaler, F.; Imboden, S.; Mueller, M.D. Fertility in BRCA mutation carriers: Counseling BRCA-mutated patients
on reproductive issues. Horm. Mol. Biol. Clin. Investig. 2022, 43, 171–177. [CrossRef] [PubMed]

37. Dibble, K.E.; Donorfio, L.K.M.; Britner, P.A.; Bellizzi, K.M. Stress, anxiety, and health-related quality of life in BRCA1/2-positive
women with and without cancer: A comparison of four US female samples. Gynecol. Oncol. Rep. 2022, 42, 101033. [CrossRef]
[PubMed]

38. Scotto, L.; Pizzoli, S.F.M.; Marzorati, C.; Mazzocco, K.; Pravettoni, G. The impact of prophylactic mastectomy on sexual well-being:
A systematic review. Sex. Med. Rev. 2024, 2024, qead054. [CrossRef]

39. Ongena, Y.P.; Yakar, D.; Haan, M.; Kwee, T.C. Artificial Intelligence in Screening Mammography: A Population Survey of
Women’s Preferences. J. Am. Coll. Radiol. 2021, 18, 79–86. [CrossRef] [PubMed]

40. Derevianko, A.; Pizzoli, S.F.M.; Pesapane, F.; Rotili, A.; Monzani, D.; Grasso, R.; Cassano, E.; Pravettoni, G. The Use of Artificial
Intelligence (AI) in the Radiology Field: What Is the State of Doctor–Patient Communication in Cancer Diagnosis? Cancers 2023,
15, 470. [CrossRef]

41. Borondy Kitts, A. Patient Perspectives on Artificial Intelligence in Radiology. J. Am. Coll. Radiol. 2023, 20, 863–867. [CrossRef]
[PubMed]

42. Lennox-Chhugani, N.; Chen, Y.; Pearson, V.; Trzcinski, B.; James, J. Women’s attitudes to the use of AI image readers: A case
study from a national breast screening programme. BMJ Health Care Inform. 2021, 28, e100293. [CrossRef] [PubMed]

43. Adams, S.J.; Tang, R.; Babyn, P. Patient Perspectives and Priorities Regarding Artificial Intelligence in Radiology: Opportunities
for Patient-Centered Radiology. J. Am. Coll. Radiol. 2020, 17, 1034–1036. [CrossRef] [PubMed]

44. Bunnell, A.; Rowe, S. The Effect of AI-Enhanced Breast Imaging on the Caring Radiologist-Patient Relationship. Pac. Symp.
Biocomput. 2023, 28, 472–483. [PubMed]

45. Kruger, J.; Dunning, D. Unskilled and unaware of it: How difficulties in recognizing one’s own incompetence lead to inflated
self-assessments. J. Pers. Soc. Psychol. 1999, 77, 1121–1134. [CrossRef]

46. Stogiannos, N.; Malik, R.; Kumar, A.; Barnes, A.; Pogose, M.; Harvey, H.; McEntee, M.F.; Malamateniou, C. Black box no more: A
scoping review of AI governance frameworks to guide procurement and adoption of AI in medical imaging and radiotherapy in
the UK. Br. J. Radiol. 2023, 96, 20221157. [CrossRef] [PubMed]

47. Jeyaraman, M.; Balaji, S.; Jeyaraman, N.; Yadav, S. Unraveling the Ethical Enigma: Artificial Intelligence in Healthcare. Cureus
2023, 15, e43262. [CrossRef] [PubMed]

48. Hulsen, T. Explainable Artificial Intelligence (XAI): Concepts and Challenges in Healthcare. AI 2023, 4, 652–666. [CrossRef]
49. Ali, S.; Abuhmed, T.; El-Sappagh, S.; Muhammad, K.; Alonso-Moral, J.M.; Confalonieri, R.; Guidotti, R.; Del Ser, J.; Díaz-

Rodríguez, N.; Herrera, F. Explainable Artificial Intelligence (XAI): What we know and what is left to attain Trustworthy Artificial
Intelligence. Inf. Fusion 2023, 99, 101805. [CrossRef]

50. de Vries, C.F.; Colosimo, S.J.; Boyle, M.; Lip, G.; Anderson, L.A.; Staff, R.T.; Harrison, D.; Black, C.; Murray, A.; Wilde, K.; et al. AI
in breast screening mammography: Breast screening readers’ perspectives. Insights Imaging 2022, 13, 186. [CrossRef]

51. Handtke, O.; Schilgen, B.; Mösko, M. Culturally competent healthcare—A scoping review of strategies implemented in healthcare
organizations and a model of culturally competent healthcare provision. PLoS ONE 2019, 14, e0219971. [CrossRef] [PubMed]

52. Perry, H.; Eisenberg, R.L.; Swedeen, S.T.; Snell, A.M.; Siewert, B.; Kruskal, J.B. Improving Imaging Care for Diverse, Marginalized,
and Vulnerable Patient Populations. RadioGraphics 2018, 38, 1833–1844. [CrossRef] [PubMed]

53. Pesapane, F.; Tantrige, P.; Rotili, A.; Nicosia, L.; Penco, S.; Bozzini, A.C.; Raimondi, S.; Corso, G.; Grasso, R.; Pravettoni, G.; et al.
Disparities in Breast Cancer Diagnostics: How Radiologists Can Level the Inequalities. Cancers 2023, 16, 130. [CrossRef] [PubMed]

54. López-Gómez, M.; Malmierca, E.; de Górgolas, M.; Casado, E. Cancer in developing countries: The next most preventable
pandemic. The global problem of cancer. Crit. Rev. Oncol. Hematol. 2013, 88, 117–122. [CrossRef] [PubMed]

55. Malhotra, K.; Wong, B.N.X.; Lee, S.; Franco, H.; Singh, C.; Cabrera Silva, L.A.; Iraqi, H.; Sinha, A.; Burger, S.; Breedt, D.S.; et al.
Role of Artificial Intelligence in Global Surgery: A Review of Opportunities and Challenges. Cureus 2023, 15, e43192. [CrossRef]
[PubMed]

56. Patel, M.M.; Parikh, J.R. Education of Radiologists in Healthcare Disparities. Clin. Imaging 2022, 81, 98–102. [CrossRef] [PubMed]

56



Life 2024, 14, 454

57. Floridi, L.; Cowls, J. A Unified Framework of Five Principles for AI in Society. In Machine Learning and the City; Wiley: Hoboken,
NJ, USA, 2022; pp. 535–545.

58. Morley, J.; Machado, C.C.V.; Burr, C.; Cowls, J.; Joshi, I.; Taddeo, M.; Floridi, L. The ethics of AI in health care: A mapping review.
Soc. Sci. Med. 2020, 260, 113172. [CrossRef] [PubMed]

59. Mökander, J.; Floridi, L. Ethics-Based Auditing to Develop Trustworthy AI. Minds Mach. 2021, 31, 323–327. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

57



Citation: Yu, J.; Guo, Z.; Wang, L.

Progress and Challenges of

Immunotherapy Predictive

Biomarkers for Triple Negative Breast

Cancer in the Era of Single-Cell

Multi-Omics. Life 2023, 13, 1189.

https://doi.org/10.3390/

life13051189

Academic Editor: Shinichiro

Kashiwagi

Received: 13 March 2023

Revised: 24 April 2023

Accepted: 9 May 2023

Published: 16 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

life

Review

Progress and Challenges of Immunotherapy Predictive
Biomarkers for Triple Negative Breast Cancer in the Era of
Single-Cell Multi-Omics
Jiangnan Yu, Zhikun Guo and Lei Wang *

International Cancer Center, Shenzhen University Medical School, Shenzhen 518054, China;
jiangnanyu@szu.edu.cn (J.Y.); 2100243054@email.szu.edu.cn (Z.G.)
* Correspondence: lei.wang@szu.edu.cn

Abstract: Triple-negative breast cancer (TNBC) is a highly aggressive subtype of breast cancer with a
poor prognosis. Despite conventional treatments, including surgery, radiation, and chemotherapy,
the overall response rate to PD-1/PD-L1 immune checkpoint inhibitors remains low, with limited
predictive significance from current biomarkers such as PD-L1 expression, tumor-infiltrating lympho-
cytes (TILs), and tumor mutational burden (TMB). To address this challenge, recent advancements
in single-cell sequencing techniques have enabled deeper exploration of the highly complex and
heterogeneous TNBC tumor microenvironment at the single-cell level, revealing promising TNBC
predictive biomarkers for immune checkpoint inhibitors. In this review, we discuss the background,
motivation, methodology, results, findings, and conclusion of multi-omics analyses that have led to
the identification of these emerging biomarkers. Our review suggests that single-cell multi-omics
analysis holds great promise for the identification of more effective biomarkers and personalized
treatment strategies for TNBC patients.

Keywords: TNBC; predictive biomarker; immunotherapy; multi-omics

1. Introduction

Breast cancer is a frequent malignant disease in women worldwide and is categorized
into three major subtypes based on the molecular level: human epidermal growth factor
receptor 2 (HER2), estrogen receptor (ER), and progesterone receptor (PR) [1]. TNBC is
clinically negative for expression of the HER2, ER, and PR, which is more likely to recur
than the other two subtypes (absence of HER2 or absence of ER and PR) [2]. TNBC is often
characterized by a high histological grade, strong invasiveness, and high rate of metastasis.
TNBC has a poor prognosis due to its aggressive clinical characteristics and lack of response
to receptor-targeted therapy [3].

Therefore, there is an urgent need for more effective treatment for TNBC. TNBC
accounts for 20% of breast cancer [4]. In recent years, remarkable progress has been made
in exploiting the intrinsic mechanism of the host immune system to eliminate cancer cells.
The advancement in immunotherapy provides a potential novel therapeutic approach for
managing this devastating subtype of breast cancer. It is anticipated that immunotherapy
intervention will elicit a specific response that targets and eradicates tumor cells while
preserving normal cells. Diverse immunotherapy techniques have been developed and
investigated, including the use of neutralizing or inhibitory antibodies to block immune
checkpoints, induction of cytotoxic T lymphocytes (CTLs), adoptive cell transfer-based
therapy, and modulation of the tumor microenvironment to enhance CTL activity [4].

TNBC patients may be given neoadjuvant treatment (chemotherapy before resection)
in early stage tumors, which could shrink tumor size and protect normal breast tissue [5].
Immunotherapies also appear to be durable in metastatic TNBC, which suggests that
immunotherapies may bring better treatment strategies to responding patients. Immune
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checkpoint antagonists targeting cytotoxic T lymphocyte-associated antigen-4 (CTLA-4),
programmed cell death-1 (PD-1) and programmed death ligand-1 (PD-L1) have completely
changed cancer treatment, induced lasting objective reactions, and sometimes translated
into overall survival (OS) benefits of multiple cancer types including breast cancer [6]
(Figure 1).

Figure 1. Immune checkpoint inhibitors for patients with TNBC.

This review contributes to the recent exploration of the highly complex and heteroge-
neous TNBC tumor microenvironment at the single-cell level. We summarize the major
contributions of single-cell multi-omics in TNBC research, including the identification of
novel immune cell subpopulations and cellular interactions, the characterization of dynamic
changes in tumor heterogeneity and clonal evolution during treatment, and the discovery
of potential therapeutic targets and biomarkers for immune checkpoint inhibitors.

2. PD-1/PD-L1 Checkpoint Inhibitor in Triple Negative Breast Cancer

PD-1 and PD-L1 are important immunotherapy targets in TNBC treatment. PD-
1 receptors are upregulated on activated T cells and bind to the related ligand, PD-L1.
Through the interaction with PD-L1 on the surface of tumor cells and immune cells, the
PD-1 signal antagonizes T cell activation during the immune response stage [7]. Some
immune checkpoint inhibitors (ICIs) targeting PD-1 and PD-L1 have shown favorable
treatment effects in TNBC patients.

Pembrolizumab—Humanized monoclonal antibodies that target PD-1 (pembrolizumab)
improve event-free survival (EFS) in TNBC [8]. Patients with stage II-III TNBC usually
receive neoadjuvant chemotherapy before surgery. Nevertheless, about 30% of patients will
experience disease progression within five years after typical treatment, which indicates
the need for more effective upfront treatment in TNBC [9]. Currently, data from the
phase III KeYNOTe-522 trial shows that in this case, neoadjuvant pembrolizumab plus
chemotherapy followed by adjuvant pembrolizumab has advantages over neoadjuvant
chemotherapy (NCT03036488) [10]. Pembrolizumab has been tested in several clinical
trials, demonstrating its safety and clinical activity across a range of tumor types [11,12].
These data led to FDA approval of pembrolizumab in combination with chemotherapy as
of July 2021.

Avelumab, atezolizumab, durvalumab—ICIs, monoclonal antibodies against PD-L1
(avelumab, atezolizumab, durvalumab), have generated durable responses across many
tumor types including TNBC [13]. Although avelumab and atezolizumab are already
applied to ICI monotherapy in metastatic triple-negative breast cancer (mTNBC), low
response rates have been observed in pretreated metastatic disease: in the phase Ib JAVELIN
trail (NCT01772004), the overall response rate (ORR) of avelumab in 58 heavily pretreated
patients was 5.2% [14], while the phase I trial of atezolizumab (NCTO1375842) resulted in an
ORR of 10% in 115 pre-treatment patients, with no response observed in the PD-L1 negative
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subgroup [15]. The GeparNuevo trial (NCT02685059) demonstrated that durvalumab
improved pathologic complete response (pCR) rates when durvalumab was started two
weeks before chemotherapy, which was a subgroup analysis underpowered for significance
testing [16].

3. Current Predictive Biomarkers for PD1/PD-L1 Checkpoint Inhibitors

In patients with advanced-stage TNBC, monotherapy with PD-1 or PD-L1 antibod-
ies has limited efficacy and might only benefit a small portion of patients [17]; chemo-
immunotherapy approaches have improved tumor progression-free and overall survival,
but these trials have yet to undergo detailed biomarker analysis [5]. Overall, immunother-
apy still faces some difficulties: therapeutic resistance, unclear mechanisms, and poor
response (<20%), which indicates that more efficient biomarkers are needed to identify
TNBC patients who can benefit from immunotherapies in prediction and prognosis.

Because of the low response rate of immunotherapy, established and developing
prognostic and predictive biomarkers are important to clinical therapies guide. Some
known biomarkers of breast cancer, such as PDL1, TILs, and TMB, are helpful in the
management of breast cancer.

3.1. Intratumoral PD-L1 Expression and Tumor Infiltrating Lymphocytes

The assessment of TILs and tumor PD-L1 expression has been proposed as potential
predictors of clinical outcome in breast cancer. However, the reliability of these biomarkers
in predicting the response to immunotherapy in early stage TNBC remains uncertain, as re-
sponse to checkpoint inhibitors has been observed in tumors lacking PD-L1 expression [18].
There were 20% percent tumor cells that are PD-L1 positive in TNBC, and PD-L1 present
in 20% of TNBC samples [19]. The inhibitory interactions between tumor-infiltrating im-
mune cells and PD-1+ T cells associated with poor prognostic features [19]. PD-L1 can
be measured and quantified on tumor or immune cells. Tumor PD-L1 negative patients
can also benefit from ICIS because other immune cells can express PD-L1, and ICIs are
activated the whole immune system. Nevertheless, recent clinical trials, such as KEYNOTE-
119, have demonstrated that PD-L1 positivity alone may not be a sufficient biomarker
to select patients who will benefit from pembrolizumab monotherapy in the metastatic
setting [20,21].

In addition, TILs have been shown to be promising microenvironment biomarkers
with independent predictive value for the clinical benefits of ICI. In the metastatic setting,
CD8+ T cell infiltration, in particular, has been predictive of overall survival benefit with
atezolizumab in IMpassion130 [22]. TILs seem to be slightly associated with PD-L1, but it
has independent predictive value for the clinical benefits of ICI [23,24]. In early TNBC, an
increase in TILs has been associated with improved disease-free survival, overall survival,
and pathological complete response rate following neoadjuvant chemotherapy [25,26]. In
metastatic TNBC, higher TIL levels have also been associated with improved prognosis.
Despite its potential as a low-cost biomarker with additive predictive value to PD-L1
expression, no TILs test has yet entered routine clinical practice [21,22]. However, no
TILs test has entered routine clinical practice, future research should further explore the
potential of TILs as a predictive biomarker in ICI therapy, particularly in combination with
PD-L1 expression.

3.2. Tumor Mutational Burden

Tumor mutational burden (TMB) is a metric used to measure the number of somatic
mutations per megabase (mut/Mb) of DNA, typically determined through whole exome
or gene panel sequencing. A recent analysis by Isaacs et al. found that breast cancer has a
relatively low TMB of 2.63 muts/mb, with only 5% of tumors classified as hypermutated
(>10 mut/MB) [20]. Breast cancer tumors with high TMB appear to be more sensitive
to checkpoint inhibitors; However, there was no difference in OS among patients with
high TMB breast cancer who received immunotherapy [27]. In 2020, the FDA approved
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pembrolizumab for the treatment of high TMB (≥10 mut/Mb) non-resectable or metastatic
solid tumors that have progressed after previous treatment or have no alternative treatment
options, making it a potential treatment option for patients with high TMB TNBC [18].

4. Predictive Biomarkers Revealed by Single-Cell Multi-Omics
4.1. T Cell Expansion and Differentiation

Although ICIs combined with neoadjuvant chemotherapy improves pCR and EFS
in TNBC [28], only a subset of tumors responds to neoadjuvant ICI. To understand the
response of which underlying mechanisms and associated markers determine neoadjuvant
ICI treatment response, Bassez and Vos et al. conducted a single-cell multi-omics analysis of
pre-treatment and on-treatment biopsies from treatment-naive patients receiving anti-PD1
(n = 29) or neoadjuvant chemotherapy before anti-PD1 (n = 11) therapy [29]. They found
that one third of the tumors contained PD1-expressing T cells that clonally expanded after
anti-PD1 therapy, regardless of tumor subtype, while some gene sets were positively or
negatively correlated with T cell expansion following anti-PD1 treatment [29]. Clonal
expansion of T cells underlies response to ICI therapy for several cancer types, such as
melanoma or lung cancer, and the single-cell characterization of pre- and on-treatment
biopsies of breast cancer are absent in the previous research [30–32].

By contrasting patients’ immune microenvironment alterations with and without
emerging clonal expansion before and after treatment utilizing single-cell multi-omics,
Bassez and Vos et al. revealed the regulation of differentiation of multiple immune cells
in response to immunotherapy, and the possible mechanisms: the CD4+ and CD8+ T cell
subtypes are the main targeted cells of anti-PD-1 therapy; the extent of differentiation and
clonal proliferation of the lineage corresponding to CD8+ experienced T cells (CD8+

TEX),
type-1 helper (TH1) and follicular helper (TFH) cells can be used to predict response to anti-
PD-1 therapy, and it is likely that anti-PD-1 therapy will further enhance the differentiation
of these cells [29].

Furthermore, PD-L1-expressing macrophages such as CCR2+ or MMP9+ and multiple
dendritic cell subtypes were positively associated with T cell expansion and treatment re-
sponse [33,34], whereas the proportion of CX3CR1+ macrophages was negatively associated
with clonal proliferation of T cells [35–37]. This study further found that the predominant
cell type expressing PD-L1 in breast cancer is not tumor cells but macrophages and den-
dritic cells, whereas high expression of PD-L1 on macrophages and dendritic cells was
predictive of immunotherapy response. In addition, macrophage phenotypes expressing
PD-L1, including CCR2+ and MMP9+ macrophages, correlated positively with T cell expan-
sion, which shows ICIs response. Inhibitory macrophages (CX3CR1+, C3+) were inversely
correlated with T cell expansion, which shows limited ICIs response [29].

Therefore, TEX cell abundance, T cell clonality, and richness were regarded as highly
predictive markers of T cell expansion. Immune checkpoint markers or CD4+ T cell
activation gene markers are also highly predictive, whether in the initial BC treatment or
after neoadjuvant chemotherapy, anti-PD1 is given [29]. Interestingly, the expression of
these markers in TNBC is more obvious than that in ER+ BC, which may explain why ICI
has provided the greatest benefit in TNBC treatment so far [29].

Virassamy et al. revealed that tumor CD8+ T cells with tissue-resident memory phe-
notypes mediate local immunity and immune checkpoint reaction of breast cancer. This
study explores the role of tissue-resident memory T (TRM) cells in breast cancer and their
contribution to anti-tumor immunity and immune checkpoint blockade efficacy. The study
found that intratumoral CD8+ T cells with a TRM-like phenotype display significantly en-
hanced cytotoxic capacity and provide local immune protection against tumor rechallenge.
Treatment with anti-PD-1 and anti-CTLA-4 therapy resulted in the expansion of these
intratumoral populations [38]. The study established two intratumoral sub-populations:
one more enriched in markers of terminal exhaustion (TEX-like) and the other with a bona
fide resident phenotype (TRM-like) [38]. A TRM gene signature extracted from tumor-free
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tissue was significantly associated with improved clinical outcomes in TNBC patients
treated with checkpoint inhibitors.

First, the team assumed that immune checkpoint inhibitor therapy targeted local
tumor microenvironment, and CD8+ TRM cells might be crucial to its therapeutic effect
on cancer; The phenotypic characteristics and cytokine requirements for the production
and maintenance of different intratumoral CD8+ T cell subsets in cancer were established.
They further confirmed the molecular differences of these intratumoral populations and
proved that the CD69+CD103+ subgroup showed an increased expression of TEX-related
genes (such as Tox and Eomes) [39] and showed a transcriptional spectrum similar to
that of terminally depleted T cells in the context of chronic lymphocytic choriomeningitis
virus (LCMV) [40]. The CD69+CD103+ subgroup showed enhanced anti-tumor function in
mediating tumor lysis [38]. These T cell subsets were further verified by unbiased clustering
of CD8+ single cell transcriptome data analyzed before ICB treatment. The two clusters
distinguished by the expression of Itgae and Tox have significant transcriptional similarity
with the large number of RNA sequences of the classified CD69+CD103+ and CD103−

subgroups, respectively.
Phenotypic and transcriptional studies have established two intratumoral subpopula-

tions: one is richer in terminal failure markers (TEX-like), and the other has a real resident
phenotype (tissue resident memory T (TRM-like)) [38]. The treatment of anti-PD-1 and
anti-CTLA-4 led to the expansion of these tumor populations, and the TRM-like subgroup
showed significantly enhanced cytotoxicity. TRM-like CD8+ T cells can also provide local
immune protection against tumor challenge, and TRM gene markers extracted from tumor-
free tissues are significantly related to the improvement of clinical prognosis of TNBC
patients treated with checkpoint inhibitors [38].

It is reported that CD8+ tumor-infiltrating lymphocytes with TRM cell phenotypes
are related to the good prognosis of TNBC patients. However, the relative contribution of
CD8+ TRM cells to breast cancer anti-tumor immunity and immune checkpoint blocking
efficacy is still unknown [38]. Overall, the study highlights the importance of TRM-like
CD8+ T cells in breast cancer anti-tumor responses and ongoing protective immunity.

4.2. CXCL13+ CD4+ and CD8+ T Cells

In TNBC, the combining chemotherapy paclitaxel with PD-L1 checkpoint inhibitors
atezolizumab did not benefit all patients [41,42]; to illuminate the different immune re-
sponses in TNBC patients (22 patients with TNBC pre- and on-treated with paclitaxel
or its combination with atezolizumab), Zhang et al. leveraged single-cell multi-omics to
investigate the dynamic map of tumor microenvironment and immune cells derived from
peripheral blood. The tumor tissue and peripheral blood immune cells from patients with
TNBC who received two treatment schemes were analyzed at the single cell level, and the
tumor microenvironment and peripheral blood immune characteristics of response patients
and non-response patients were compared. The dynamic changes of immune cells under
different treatment strategies and the mechanism of anti-PD-L1 immunotherapy combined
with paclitaxel chemotherapy in TNBC have been revealed as well as the selection of
biomarkers. Zhang et al. found that the tumor microenvironment in response to patients
was enriched with two groups of T cells with high expression of CXCL13 (CD8-CXCL13
and CD4-CXCL13) [43], and also highly expressed T cytotoxicity and exhaustion-related
genes [44].

To investigate the connection systematically between the composition and proportion
changes of different immune cells and the treatment effect, the research developed two
indices: predictive index (Pi) and therapeutic index (Ti) [43]. Through the analysis of Pi
and Ti, the researchers found that CD8-CXCL13 and CD4-CXCL13 at higher baseline levels
can predict better immune treatment response, in addition, the proportion of these two
groups of CXCL13+ T cells in response patients increased significantly after combined
treatment [43].
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In addition, researchers found that two groups of pro-inflammatory macrophages with
high expression of CXCL9 and CXCL10 were enriched in the tumor microenvironment of
response patients, and there was a significant positive correlation between these two groups
of pro-inflammatory macrophages and CXCL13+ T cells [45,46]. CXCL9 and CXCL10 can
participate in the recruitment of T cells [45], and the characteristic genes of proinflammatory
macrophages are regulated by IFNG and TNF signals, indicating that there is a positive
feedback signal between CXCL13+ T cells that play a killing function and proinflammatory
macrophages that express CXCL9 and CXCL10 [43]. On the contrary, CXCL13+ T cells
were hardly detected in the tumor microenvironment of non-responsive patients, but a
large number of macrophages with immunosuppressive function were enriched [43]. It
is noteworthy that the researchers found that the peripheral blood mononuclear cells of
response patients showed pro-inflammatory characteristics, while the peripheral blood
mononuclear cells of non-response patients showed anti-inflammatory characteristics,
suggesting that the peripheral blood can reflect the tumor microenvironment characteristics
to a certain extent [43].

4.3. Tumor-Resilient T Cell Assessed by Tres Model

In recent years, cancer immunotherapy represented by anti-PD-1/PD-L1, anti-CTLA4,
and CAR-T has made considerable progress [47]. However, the effect of various im-
munotherapies on solid tumors is not satisfactory [47,48]. For T cells, a solid tumor is a
battlefield with a suppressive environment [49]. The tumor will establish a microenviron-
ment full of various immunosuppressive factors to suppress and differentiate the invading
T-cell soldiers [49,50]. Despite being armed with various anti-cancer mechanisms, most T
cells cannot persist in such a harsh environment [50].

They have developed a computational model called Tres (tumor-resilient T cell,
https://resilience.ccr.cancer.gov/ accessed on 12 March 2023) by analyzing single-cell
T-cell transcriptomes from ICI-treated melanoma or lung tumors to find the character-
istics of T cells that are still active under the suppression of various inhibitors in solid
tumors and predict the efficiency of T cells in immunotherapy [51–53]. Tres also identifies
FIBP as a new checkpoint for T-cell immunometabolism and a possible new target for
immunotherapy [54].

Tres is a computational model that uses single-cell transcriptome data to identify
the characteristics of T cells resistant to immunosuppressive types, and Tres was also
trained by TNBC-published single-cell transcriptomic profiles of T cells from responders
and non-responders to ICIs [38]. It presented better predictive signature correlates in
responders than non-responders in pre- and post-treatment of ICIs [49]. The application of
single-cell sequencing technology in tumor research has produced a large number of single-
cell gene expression profiles, depicting various states of T-cell subsets from tumors [53].
Tres, a computational model assesses the cytokines perceived by each T cell in the tumor
environment; for example, TGFβ and PGE2 are common immunosuppressive factors [55],
and TRAIL is the trigger of T cell in cell death [50]. If the downstream pathway of these
cytokines is activated, it indicates that the T cell is in an unfavorable environment. At
the same time, the health of T cells can be measured by the cell cycle and the expression
of DNA replication pathway genes [55]. The activity of these pathways in suppressed or
dying cells is often low. Based on the variables calculated and evaluated above, Tres looks
for which T cells are under the pressure of various inhibitors, still remain healthy. These
T cells are defined as tumor-resilient T cells (Tres) [54]. These Tres features demonstrate
important clinical applications.

Based on the simplest correlation coefficient calculation, if these T cell samples are
positively correlated with the characteristics of the tumor-resilient T cells model, the
corresponding immunotherapy will achieve good results. If there is a negative correlation,
the corresponding immunotherapy effect will be unfavorable [54]. It is particularly pointed
out that the Tres model is almost correct in predicting the accuracy of patients with poor
efficacy in cell therapy using only pre-manufacturing samples [54].
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Zhang et al. analyzed the genetic characteristics of Tres. In 168 tumors and single-cell
expression data from 19 kinds of cancer, the high expression of the FIBP gene in T cells
almost indicates the low match of the Tres model, which means that T cells with high
expression of the FIBP gene are not regarded as a tumor-resilient T cell [54]. Many solid
tumors have high cholesterol concentrations [56]. Although an appropriate amount of
cholesterol will guarantee the activity of T cells, excessive cholesterol concentration will
greatly reduce the tumor-killing ability of T cells and lead to T cell exhaustion [56].

Therefore, the Tres model uses single-cell data to identify immunotherapy response
biomarkers and predict cell therapy response from pre-manufacture samples, which pro-
vide an important research and development tool for cancer immunotherapy guidelines.

4.4. CD8+ T Cell-Intrinsic IL-6

Although immune checkpoint inhibitors (ICI) have been identified as effective cancer
therapies, overcoming drug resistance remains a key challenge. Huseni et al. determined
that interleukin 6 (IL-6) is associated with poor reaction to atezolizumab (anti-PD-L1) in
large clinical trials of advanced renal cancer, breast cancer, and bladder cancer [57]. The
pleiotropic cytokine IL-6 is associated with tumor progression and is supposed to affect
anti-tumor immunity through a variety of mechanisms [58–60]. Plasma IL-6 has a negative
effect on the survival rate of melanoma patients treated with ICI [61,62], and IL-6 appears
to be a potential driver of ICI resistance [63–65].

In this study, Huseni et al. found that high levels of IL-6 are a characteristic of
atezolizumab-resistant disease in patients with advanced cancer [57]. IL-6 inhibits the
effector differentiation of CD8+ T cells (also known as cytotoxic T lymphocytes or CTLs),
and high plasma IL-6 is associated with lower expression of effector genes in CTLs of
cancer patients [57]. IL-6 impairs anti-PD-L1 efficacy by restricting the anti-tumor functions
of cytotoxic T cells and IL-6-STAT3 signaling inhibits classical cytotoxic differentiation of
CTLs in vitro [57]. In preclinical tumor models, blocking IL6R or gene ablation of intrinsic
IL-6 signaling in CTLs, in combination with anti-PD-L1 therapy, enhances the anti-tumor
CTL response, and improves tumor control [57].

In the PCD4989g clinical trial, patients with mTNBC treated with atezolizumab13, or
in the IMvigor210 and IMvigor211 trials [66–68], patients with metastatic urothelial bladder
cancer (UC), compared with the healthy control group, had elevated plasma IL-6, and was
associated with low OS in multivariate survival analysis. According to the single-cell RNA
sequencing, the circulating CTL of cancer patients with high plasma IL-6 levels showed a
suppressed functional feature, and IL-6-STAT3 signal transduction inhibited the classical
cytotoxic differentiation of CTL in vitro [57]. Therefore, based on clinical and experimental
evidence, drugs targeting the IL-6 signal are reasonable partners for cancer patients and
ICIs in combination treatment [57].

4.5. TME Phenotypes Do Not Respond to Checkpoint Inhibitors

In an effort to understand the lack of response to immune checkpoint inhibitors (ICI),
Hammerl et al. conducted a study analyzing 681 triple-negative breast cancers (TNBCs)
for spatial immune cell contextures in relation to clinical outcomes and pathways of T cell
evasion [69–71]. Through this analysis, the authors identified three main spatial phenotypes:
inflamed, excluded, and ignored, and recognized their association with clinical outcomes in
TNBC and other cancer types [67]. The inflamed phenotype, characterized by the presence
of intratumoral lymphocytes, is related to anti-PD-1 response, while the excluded and
ignored phenotypes, characterized by lymphocytes restricted to the invasive margin or a
lack of lymphocytes, respectively, are related to anti-PD-1 resistance [67].

Combined with multiple immunofluorescence and sequencing technology, Hammerl
et al. revealed: immune excluded phenotypes (related to anti-PD-1 resistance), showed
collagen-10 deposition, enhanced glycolysis, and TGFβ/VEGF pathway activation; im-
mune ignored phenotypes (related to anti-PD1 resistance), showing high-density CD163+

myeloid cells or activating WNT/PPARγ pathways; inflamed phenotype, which was asso-
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ciated with anti-PD-1 response, exhibited necrosis, high-density CLEC9A+ dendritic cells,
high TCR clonality, and enhanced expression of T cell co-inhibitory receptors [72]. These
results suggest that the spatial immunophenotypes of primary TNBC have unique immune-
determinants, as well as tumor microenvironment (TME) and immune response-mediated
T cell escape pathway.

The TONIC test found that the proportion of inflammatory phenotype increased after
cisplatin and doxorubicin induction treatment, which indicated that the spatial phenotype
was plastic [73], while the cold TNBC (i.e., excluded and ignored) phenotypes can be
remodeled, suggesting the possibility of treatment benefit for these two types of patients.
Therefore, the immune excluded type and the ignored immunophenotypes in TNBC and
metastatic TNBC validated by the gene classifier accurately do not respond to anti-PD1
treatment, which can be considered as a variant of cold tumor [72]. The spatial phenotype
classifier demonstrated good predictive value, which could potentially improve the efficacy
of anti-PD-1 treatment.

5. Conclusions

In the era of single-cell multi-omics, there has been significant progress and challenges
in predicting immunotherapy biomarkers for triple-negative breast cancer. The use of
single-cell multi-omics techniques has enabled the identification of novel biomarkers and
molecular pathways that play a critical role in the response to immunotherapy. Addi-
tionally, these techniques have provided a deeper understanding of the complex immune
landscape of triple-negative breast cancer and the heterogeneity of individual tumor cells,
which has helped to refine biomarker discovery and validation. However, there are still
many challenges that need to be addressed and other kinds of biomarkers are needed. One
challenge is the lack of standardization in data analysis and interpretation across different
studies, which can lead to inconsistencies in biomarker identification and validation. An-
other challenge is the limited sample size and heterogeneity of patient cohorts, which can
affect the accuracy and reproducibility of biomarker discovery.

Furthermore, the integration of different multi-omics datasets is still in its early stages
and requires more advanced computational methods and analytical tools. Despite these
challenges, the use of single-cell multi-omics techniques offers great potential for identi-
fying predictive biomarkers for immunotherapy in triple-negative breast cancer and for
developing more personalized and effective treatment strategies.

Immunotherapies show the prospect of breast cancer treatment and the potential of ac-
tivating the immune system to eliminate cancer cells. Inhibitors of PD-1/PD-L1 checkpoints
can induce a long-lasting clinical response in some breast cancer patients with metastatic
TNBC. Although some TNBC patients show PD-L1 negative expression in tumors, they
can still benefit from ICIs. Intratumoral PD-L1 expression is highly heterogenous and
PD-L1 expression on either cancer cells or immune cells can be changing dynamically. More
importantly, we believe that the clinical efficacy of ICIs treatment requires stimulating the
systemic anti-tumor immunity of TNBC patients and it is now reported that tumor-specific
T cell activation in the tumor-draining lymph node can be targeted by ICI treatment [74].

In addition, the combination of checkpoint inhibitors and chemo/targeted therapies
in neoadjuvant first-line treatments has already demonstrated clinical benefit and potential.
However, the major challenge is that the current biomarkers, such as intratumoral PD-L1
expression, TILs, and TMB, have limited predictability and reliability to select patients
with TNBC. Therefore, there is an urgent need to develop novel predictive biomarkers
by using deep multi-omics analysis at single-cell level. The involvement of multi-omics
technology in TNBC predictive biomarker research has made promising discoveries so far
(summarized in Figure 2). Future research, especially deep immune profiling of paired
tumor, lymph node, and blood samples of pre- vs. post treatment are needed to further
explore biomarkers during the ICI-induced systemic immune changes.
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Figure 2. Summary of emerging anti-PD1/PD-L1 predictive biomarker revealed by scRNA multi-
omics. Figures created with BioRender.com.
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Abstract: Introduction: Non-infectious erythema, or Red Breast Syndrome (RBS), has been observed
on the skin where acellular dermal matrix was implanted, although the exact cause is yet to be
determined. Patients and Methods: A total of 214 female patients underwent breast-conserving
surgery (BCS) and volume replacement using diced acellular dermal matrix (dADM) for breast
cancer between December 2017 and December 2018. After collecting and evaluating relevant clinical
data, inflammation markers, along with NK cell status presented by IFN-γ secretion assay, were
measured using ELISA. Results: Nineteen patients (8.88%) presented with RBS after BCS and dADM
use. A significant increase of platelet-to-lymphocyte ratio was noted in the non-RBS group (p = 0.02).
Compared to the RBS group (p = 0.042), the WBC level of the non-RBS group showed significant
decrease over time. Eosinophil counts increased significantly at follow-up but went up higher in the
RBS group. Multivariate analysis showed preoperative chemotherapy significantly increased the
hazard of RBS (OR 3.274, p = 0.047 and OR 17.098, p < 0.001, respectively). Discussion: Though no
causal relationship between RBS and immune status was proven, the results suggest an association
between preoperative chemotherapy and RBS in addition to the possible role of eosinophilia in
leading to eosinophilic dermatoses, which warrants further exploration and elucidation.

Keywords: erythema; breast cancer; acellular dermal matrix; red breast syndrome; eosinophilic
dermatoses

1. Introduction

The introduction of oncoplastic breast surgery (OPBS) has made it possible for patients
to avoid cosmetic defects resulting from the removal of breast tissue as part of breast cancer
treatment [1].

Previously, we reported initial cases of breast cancer patients who had undergone
breast conserving surgery followed by inserting acellular dermal matrix into the cavity
after removing index tumor [2]. Compared to using an implant or mastopexy with com-
plex design, a more cost effective and convenient reconstruction (with better results that
spare preoperative natural mammary ptosis with time and symmetry) is to use a diced
acellular dermal matrix (dADM) of human origin which is implanted into the empty
cavity immediately after the removal of the breast cancer [3–6]. There have been reports
of non-infectious erythema described as “red breast syndrome” (RBS) in plastic surgery
where implants are placed after a mastectomy [7–13], in which all breast parenchyma is
removed, but there have been no studies on the incidence of RBS and the factors associated
with it after breast-conserving surgery for breast cancer and placement of a new form of
ADM, dADM, for volume replacement in the dead space where the cancer was removed.
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It cannot be claimed that dADM is the best material for volume replacement, but it may
have significant advantages among the materials currently available. Therefore, it is very
important to differentiate RBS from the infection, and it should be common practice to
give adequate treatment aside from empirical antibiotics therapy, which is not helpful to
alleviate non-infectious erythema.

The exact incidence of ‘Red Breast Syndrome (RBS)’ is unknown, but some estimations
between 5~10% are reported [7,13], while the infection rate related to breast conserving
surgery (BCS) with surrounding tissue or artificial material such as mesh is reported to be
about 11% [14]. However, non-infectious erythema or RBS, which been noted to manifest
unexpectedly after ADM use, involves local heat and redness on the skin over the dADM
implantation site and is refractory to antibiotic therapy [7,8]. Various reports have suggested
that this is due to endotoxins [9], the use of preservatives [7], neovascularization [10],
delayed hypersensitivity reaction [8], or graft vs. host reaction [11]. But because dADM has
been processed and irradiated in order to theoretically eradicate antigenicity, we suspect
that the patient’s immunity may play a role when non-infectious erythema occurs in these
RBS cases [12].

This study aims to identify the cause of this potentially bothersome problem by
elucidating a possible relation between dADM and breast tissue in terms of immunological
status at the time of diagnosis and follow-up.

2. Patients and Methods

The study protocol was reviewed and approved by the institutional review board
of the Catholic University of Korea (VC17OESI0168, VC20RESI0225). This clinical trial is
registered as KCT0003886 on the site of Clinical Research Information Service of Korea
that is participating as one of the primary registries in the WHO International Clinical
Trials Registry Platform. The study involved a total of 214 breast cancer patients treated
between December 2017 and December 2018. All patients had resectable female breast
cancer without suspicious skin invasion, regardless of the size or location of the index
tumor. Exclusion criteria were inflammatory or infectious disease within a month before the
surgery, autoimmune disease, and blood clotting disorders. Written informed consent was
obtained for the use of dADM to fill the defect after removal of the breast cancer and the
storage of clinical information in the database, its use for the purpose of this study only. All
patients in the study underwent standard breast-conserving surgery. Volume replacement
was performed by filling with dADMs inserted into the empty space left after the resection
was completed, and the skin was sutured [3]. Diced acellular dermal matrix is a unique
form of ADM was used to fill the dead space after tumor removal in the breast to reconstruct
during breast-conserving surgery for cancer; the details of its production and sterilization
process have been reported elsewhere [12]. All procedures were performed in accordance
with the ethical standards of the institutional and/or national research committee and with
the Helsinki Declaration of 1964 and its later amendments.

We collected electronic clinical data from patients that had dADM (Megaderm®,
L&C Bio, Seongnam, Republic of Korea), inflammation markers such as neutrophil-to-
lymphocyte ratio (N/L), platelet-to-neutrophil ratio (P/N) and platelet-to-lymphocyte ratio
(P/L), and natural killer (NK) cell status using a quantitative sandwich ELISA (Enzyme-
linked Immunosorbent Assay) kit to measure the released interferon-γ (IFN-γ) from natural
killer (NK) cells to quantify NK cell activity. NK cell status was previously measured
and collected using radioactive material such as 51Cr [15], but this approach is not used
due to a longer time for the assay and greater funding requirements NK-IFN-γ secretion
assay to determine NK cell status was performed by ELISA using NK Vue-Kit (NKMAX,
Seongnam, Republic of Korea). Fresh whole blood (1 mL) was obtained using tubes
containing Promoca (NKMAX, Seongnam, Republic of Korea). Promoca is a stimulatory
cytokine that can specifically stimulate NK cells. The main cell population secreting IFN-γ
after stimulating whole blood with Promoca was NK cells. After incubation at 37 ◦C for
20–24 h, the samples were centrifuged at 11,500× g for 1 min, and the supernatant was
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transferred to a 1.5 mL microtube, which was then stored at −20 ◦C until of IFN-γ levels
reached the recommended amount according to the manufacturer’s instructions. Briefly,
50 µL of six standards, controls, and samples were incubated in an antihuman IFN γ-coated
plate at room temperature for 2 h and washed with washing buffer. IFN-γ conjugate was
added and further incubated at room temperature for 1 h. After washing and incubation
with 100 µL of the substrate at room temperature for 30 min in the dark, the absorbance
value was measured at 450 nm. Concentrations of IFN-γ were determined with a calibration
curve. The measuring range was 40~2000 pg/mL and the total imprecision for two levels of
controls was less than the 15% coefficient of variations. We differentiated wound infection
from RBS, since RBS is defined as a type of erythema without identifiable pathogens. Based
on previous reports of RBS, we used blood samples taken immediately after diagnosis as the
baseline and compared results with blood samples taken at 6 months postoperatively, after
all chemotherapy or radiation treatments that could affect postoperative blood tests had
been completed. However, in cases where RBS occurred, blood was drawn to differentiate
from infection, and this blood was used for further analysis to better understand the
circumstances under which RBS occurred.

3. Statistical Evaluation

Categorical variables were reported as the number and percentages, and continuous
variables were reported with mean ± standard deviation. The normality of distribution of
continuous variables was tested by the Shapiro–Wilk or Kolmogorov–Smirnov test, and
variance equality was assessed by Levene’s test. The comparison of continuous variables
between groups was assessed using the student’s t-test or Mann–Whitney U-test. The chi
square of Fisher’s exact test was used in categorical variables to assess the relationship
between groups. Statistical analysis was performed using SPSS for Windows version 17.0
and a p value < 0.05 was accepted as statistically significant.

4. Results

This study is comprised of 214 female breast cancer patients treated between December
2017 and December 2018 (Table 1). Nineteen patients (8.88%) developed RBS within
6 months after breast-conserving surgery with dADM for reconstruction by the time of
completion of systemic chemotherapy and/or external radiation treatment. Five out of
19 patients with RBS removed the dADM. Among 19 patients with RBS, 12 patients were
premenopausal and seven were postmenopausal women. Two out of seven postmenopausal
women with RBS had hypertension before surgery, while the others had no comorbid
disease. In the RBS group, the index tumor was located in the upper outer quadrant in
eight patients, in the upper inner quadrant in six, in the subareolar location in two, in the
lower outer quadrant in two, and in the and lower inner quadrant in one case. Except for
incision type and chemotherapy profile, there were no significant differences between the
RBS and non-RBS groups, including age, menopausal status, BSA (body surface area), BMI
(body mass index), TNM, breast volume, postoperative hormonal treatment status, tumor
location, molecular subtype, and comorbid diseases [16].

Seven patients in the RBS group received neoadjuvant chemotherapy and had curative-
intent operation. The number of patients who had adjuvant chemotherapy in the RBS group
was 15. One patient did not receive systemic chemotherapy perioperatively. Of the nine-
teen patients, 17 patients developed RBS during systemic chemotherapy. The chemothera-
peutic regimens were docetaxel–trastuzumab–pertuzumab (DHP) (one case), docetaxel–
anthracycline–cyclophosphamide (TAC) (eight cases), and docetaxel–cyclophosphamide
(TC) (nine cases). Two patients, who received three cycles of preoperative palliative
chemotherapy with a triweekly TC regimen because of suspected bone metastasis, devel-
oped RBS on completion of three cycles postoperatively (approximately 8 weeks postop-
eratively); one patient, who was in clinically more than partial remission after triweekly
neoadjuvant DHP regimen, developed RBS 6 weeks postoperatively on completion of radi-
ation therapy, which was started immediately after surgery; and the other six patients, who
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received three cycles of triweekly neoadjuvant TC regimen, developed RBS 2–3 weeks after
the initiation of radiation therapy following the completion of three cycles of postoperative
triweekly adjuvant TC regimen. Among the eight patients who received the postoperative
triweekly adjuvant TAC regimen, three developed RBS after three cycles, two after four
cycles, one after five cycles, and the remaining two patients developed RBS two weeks after
starting radiation therapy. One patient, who received an adjuvant triweekly TC regimen
after surgery, developed RBS 3 weeks after completing four cycles and just before starting
radiation therapy.

Table 1. Patients’ characteristics.

RBS (n = 19) Non-RBS (n = 195) p Value

Age 47.9474 ± 9.38364 51.8718 ± 8.83053 0.067

Menopausal status Premenopausal 12 (63.2%) 121 (62.1%)
0.924Postmenopausal 7 (36.8%) 74 (37.9%)

Tumor location

UOQ 8 (42.1%) 72 (36.9%)

0.994
UIQ 6 (31.6%) 63 (32.3%)
LOQ 2 (10.5%) 21 (10.8%)
LIQ 1 (5.3%) 16 (8.2%)
SA 2 (10.5%) 23 (11.8%)

Incision

Circumareolar 2 (10.5%) 28 (14.4%)

0.016
Periareolar 13 (68.4%) 153 (78.5%)
Peri-breast 0 (0%) 9 (4.6%)

Radial 4 (21.1%) 5 (2.6%)
Breast volume (cc) 959.1053 ± 355.751 1052.9795 ± 411.67598 0.339

Body surface area (m2) 1.6253 ± 0.12677 1.6405 ± 0.32539 0.840
Body mass index (Kg/m2) 25.5968 ± 3.40849 24.1507 ± 4.95705 0.216

Comorbid disease
DM

No 19 (100%) 183 (93.8%)
0.606Yes 0 (0%) 12 (6.2%)

Hypertension No 17 (89.5%) 173 (88.7%) 0.921
Yes 2 (10.5%) 22 (11.3%)

Other
No 19 (100%) 192 (98.5%)

0.756Yes 0 (0%) 3 (1.5%)

Molecular subtype

LUM A 9 (47.4%) 130 (66.7%)

0.181
LUM B 4 (21.1%) 24 (12.3%)
HER+ 4 (21.1%) 19 (9.7%)

Triple negative 2 (10.5%) 22 (11.3%)

TNM

0 2 (10.5%) 32 (16.4%)

0.109
I 5 (26.3%) 84 (43.1%)
II 7 (36.8%) 62 (31.8%)
III 4 (21.1%) 13 (6.7%)
IV 1 (5.3%) 4 (2.1%)

Chemotherapy

Neoadjuvant No 12 (63.2%) 171 (87.7%)
0.01Yes 7 (36.8%) 24 (12.3%)

Adjuvant No 4 (21.1%) 67 (34.4%)
0.240Yes 15 (78.9%) 128 (65.6%)

Neoadjuvant→Adjuvant No 13 (68.4%) 172 (88.2%)
0.028Yes 6 (31.6%) 23 (11.8%)

Palliative
No 17 (89.5%) 188 (96.4%)

<0.001Yes 2 (10.5%) 7 (3.6%)

Hormonal therapy No 6 (31.6%) 40 (20.5%)
0.254Yes 13 (68.4%) 155 (79.5%)

No other malignancies including hematologic abnormalities were reported thus far.
There were no cases of RBS more than 6 months after breast-conserving surgery.

NK activity represented by IFN-γ was not statistically different at diagnosis or at
follow-up (6 months after operation) between the RBS and non-RBS groups (Table 2).
Within the RBS group, there was no significant increase or decrease of NK or inflammation
markers (N/L, P/N, and P/L). On the contrary, the P/L ratio significantly increased at
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follow-up compared to the initial value in the non-RBS group (p = 0.02). Otherwise, there
were no significant changes from initial to follow-up, including NK value change, in the
non-RBS group.

Table 2. NK cell activity and inflammation markers.

Initial Follow Up

RBS (n = 19) Non-RBS (n = 195) p Value RBS (n = 19) Non-RBS (n = 195) p Value

NK 1168.326316 ±
728.3503391 913.436096 ± 718.6330553 0.143 868.878947 ± 691.2452641 949.281482 ± 728.2787949 0.646

N/L 1.737826 ± 0.8557119 1.952532 ± 0.9806427 0.358 1.937236 ± 1.0851416 2.157756 ± 1.2841531 0.470
P/N 108.801468 ± 76.5852187 105.300069 ± 160.8408602 0.925 98.267985 ± 42.4433964 87.012974 ± 35.0998656 0.192
P/L 157.625805 ± 81.4910094 152.905757 ± 56.0619944 0.738 159.601787 ± 58.3481064 168.268940 ± 72.2833186 0.613

RBS (n = 19) Non-RBS (n = 195)

Initial Follow Up p Value Initial Follow Up p Value

NK 1168.326316 ±
728.3503391 868.878947 ± 691.2452641 0.202 913.436096 ± 718.6330553 953.691935 ± 727.7360589 0.591

N/L 1.737826 ± 0.8557119 1.937236 ± 1.0851416 0.533 1.952532 ± 0.9806427 2.157756 ± 1.2841531 0.077
P/N 108.801468 ± 76.5852187 98.267985 ± 42.4433964 0.603 105.300069 ± 160.8408602 87.012974 ± 35.0998656 0.122
P/L 157.625805 ± 81.4910094 159.601787 ± 58.3481064 0.932 152.905757 ± 56.0619944 168.268940 ± 72.2833186 0.02

NK = natural killer cell activity. N/L = neutrophil to lymphocyte ratio. P/N = platelet to neutrophil ratio.
P/L = platelet to lymphocyte ratio.

By differential count of CBC (Table 3), we found that all the values at initial and
follow-up failed to show significant differences between the RBS and non-RBS groups.
However, the levels of hemoglobin, hematocrit, platelets, and white blood cells decreased
significantly at follow-up compared to the initial levels in the non-RBS group (p < 0.001,
p = 0.001, p < 0.001, p = 0.042, respectively). All the decreased values remained within
the reference range, indicating no clinically significant change. In the RBS group, platelet
values decreased significantly at follow-up, but still remained within the reference range
(p = 0.023). By the fraction of white blood cells, all cells except eosinophils showed no
significant changes from the initial value to the follow-up. Eosinophil counts at follow-up
were increased in the RBS group (p = 0.04) and the non-RBS group showed significantly
increased levels of eosinophils (p < 0.001) but the fold of increase compared to the initial
value was much higher in the RBS group compared to the non-RBS group. This suggests
there may a role of eosinophils in the development of RBS without definite infection, which
is supported by the non-significant changes of segmented neutrophils from the initial to
the follow-up in both groups.

Between the RBS and non-RBS groups, the incision type seemed meaningfully different
on univariate analysis (p = 0.015) (Table 4).

Radial incisions were more common in the RBS group, in contrast to all cases of peri-
breast (inframammary) incisions that were utilized in the non-RBS group (Table 1) (Figure 1).
Even though radial incision seems likely to pose much a higher odds ratio, leading to RBS
on univariate analysis, there was no definite risk leading to RBS after radical incisions were
examined on multivariate analysis (Table 5). Peri-breast incisions were made alongside the
lowermost line of the breast including the inframammary line, according to the location
of the index tumor, to reach through at the nearest point (Figure 1). Sentinel lymph node
biopsy or axillary lymph node dissection was also carried out. Since the percentage of
patients that received preoperative chemotherapy, either neoadjuvant or palliative, was
relatively higher in the radial incision patients (two out of nine in the neoadjuvant group
versus four out of nine in the palliative group), radial incision was a significant factor
leading to RBS on univariate analysis. Even though patients with palliative chemotherapy
seemed to be common in the RBS group, only one patient underwent preoperative palliative
chemotherapy. After univariate and multivariate analyses, neoadjuvant and palliative
chemotherapy preoperatively proved to be significant factors in provoking RBS, with
an odds ratio of 3.274 (neoadjuvant, p = 0.047) and 17.098 (palliative, p < 0.001), respectively.
Although these results have significance, the case numbers are not large enough to get an
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accurate statistical power. It should be evaluated in larger scale studies to get the definitive
clinical meaning.

Table 3. Differential count of CBC.

Initial Follow Up

RBS (n = 19) Non-RBS (n = 195) p Value RBS (n = 19) Non-RBS (n = 195) p Value

Hemoglobin (g/dL) 13.005263 ± 1.3554309 12.989231 ± 1.2428504 0.958 12.3842 ± 1.27160 12.4728 ± 1.38955 0.790
Hematocrit (%) 39.163158 ± 3.7985685 39.016769 ± 3.2851918 0.855 38.1053 ± 3.25891 37.8800 ± 3.17772 0.769

Platelet (×103/µL) 273.947368 ± 61.0341195 274.943590 ± 73.1470902 0.954 227.6316 ± 59.00114 231.5128 ± 61.79700 0.793
White blood cell

(×103/µL) 5.613684 ± 1.5691548 6.033436 ± 1.6691522 0.294 4.8674 ± 1.33476 5.3612 ± 4.27633 0.618

Segmented
neutrophil
(×10/µL)

54.731579 ± 11.6569032 56.653846 ± 11.3055193 0.481 54.0211 ± 12.71345 57.8374 ± 9.62992 0.217

Lymphocyte
(×10/µL) 35.694737 ± 10.0949643 33.380513 ± 9.8606492 0.331 32.8789 ± 10.05566 33.0754 ± 27.85745 0.976

Monocyte
(×10/µL) 7.399474 ± 5.0950635 7.170256 ± 5.3150959 0.857 8.4053 ± 3.14245 8.0774 ± 4.67696 0.765

Eosinophil
(×10/µL) 1.431579 ± 0.9189684 2.148205 ± 2.2124144 0.164 4.2895 ± 5.57752 3.3749 ± 3.71695 0.331

Basophil (×10/µL) 0.6089 ± 0.77994 0.4995 ± 0.44203 0.554 0.4053 ± 0.25050 0.4436 ± 0.38462 0.671

RBS (n = 19) Non-RBS (n = 195)

Initial Follow Up p Value Initial Follow Up p Value

Hemoglobin (g/dL) 13.005263 ± 1.3554309 12.384211 ± 1.2715971 0.154 12.989231 ± 1.2428504 12.472821 ± 1.3895522 <0.001
Hematocrit (%) 39.163158 ± 3.7985685 38.105263 ± 3.2589149 0.353 39.016769 ± 3.2851918 37.880000 ± 3.1777188 0.001

Platelet (×103/µL) 273.947368 ± 61.0341195 227.631579 ± 59.0011398 0.023 274.943590 ± 73.1470902 231.512821 ± 61.7970038 <0.001
White blood Cell

(×103/µL) 5.613684 ± 1.5691548 4.867368 ± 1.3347611 0.123 6.033436 ± 1.6691522 5.361174 ± 4.2763289 0.042

Segmented
Neutrophil
(×10/µL)

54.731579 ± 11.6569032 54.021053 ± 12.7134478 0.859 56.653846 ± 11.3055193 57.837436 ± 9.6299246 0.266

Lymphocyte
(×10/µL) 35.694737 ± 10.0949643 32.878947 ± 10.0556551 0.395 33.380513 ± 9.8606492 33.075385 ± 27.8574466 0.885

Monocyte
(×10/µL) 7.399474 ± 5.0950635 8.405263 ± 3.1424466 0.469 7.170256 ± 5.3150959 8.077436 ± 4.6769564 0.074

Eosinophil
(×10/µL) 1.431579 ± 0.9189684 4.289474 ± 5.5775238 0.04 2.148205 ± 2.2124144 3.374923 ± 3.7169474 <0.001

Basophil (×10/µL) 0.608947 ± 0.7799351 0.405263 ± 0.2504966 0.290 0.499486 ± 0.4420275 0.443590 ± 0.3846238 0.184
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Table 4. Univariate analysis.

OR 95% CI p-Value

Age 1.051 0.996–1.108 0.069
Menopause Premenopausal 1

Postmenopausal 0.954 0.359–2.531 0.924
Tumor location OUQ 1

UIQ 0.857 0.282–2.604 0.786
LOQ 0.857 0.169–4.348 0.852
LIQ 0.563 0.066–4.821 0.6
SA 0.783 0.155–3.951 0.767

Incision type Circumareolar 1
Peri-areolar 1.190 0.254–5.561 0.825

Inframammary
Peri-breast 0 0 0.999

Radial 11.200 1.600–78.400 0.015
Breast volume 0.999 0.998–1.001 0.338

Body surface area (m2) 0.830 0.135–5.102 0.84
Body mass index (Kg/m2) 1.071 0.964–1.190 0.203

Diabetes No 1
Yes 0 0 0.999

Hypertension No 1 HBP
Yes 1.081 0.234–4.996 0.921

Other No 1
Yes 0 0 0.999

Molecular subtype Luminal A 1
Luminal B 2.293 0.655–8.031 0.194

HER2 3.018 0.845–10.771 0.089
Triple negative 1.303 0.264–6.438 0.745

TNM 0 1
I 0.952 0.176–5.159 0.955
II 1.806 0.355–9.205 0.477
III 4.923 0.801–30.253 0.085
IV 4.000 0.292–54.715 0.299

Neoadjuvant CTx. No 1
Yes 4.156 1.491–11.588 0.006

Adjuvant CTx. No 1 Adjuvant CTx.
Yes 1.963 0.627–6.149 0.247

Neo + Adjuvant CTx. No 1
Yes 3.452 1.195–9.969 0.022

Palliative CTx. No 1
Yes 19.532 5.986–63.733 <0.001

Hormonal Tx. No 1
Yes 0.559 0.200–1.563 0.268

CTx = chemotherapy. Tx = therapy.
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Table 5. Multivariate analysis.

OR 95% CI p Value

Incision type

Circumareolar 1
Periareolar 1.330 0.238–7.430 0.745
Peri-breast 0 0 0.999

Radial 5.125 0.497–52.887 0.17
Neoadjuvant

chemotherapy
No 1
Yes 3.274 1.018–10.526 0.047

Palliative
chemotherapy

No 1
Yes 17.098 5.060–57.767 <0.001

5. Discussion

Over the past few decades, there has been a significant shift in the surgical treatment
of breast cancer from mastectomy to breast-conserving surgery, and this shift has been
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accelerated by the rapid introduction of the concept of oncoplastic surgery. In breast-
conserving surgery, the cavity left after cancer removal is filled by volume replacement
using adjacent breast parenchyma or adipofascial tissue, or if this is not possible, various
materials have been used to fill the empty space at the index tumor site. In the latter case,
there was no material that consistently showed a satisfactory outcome, but we devised
a volume replacement method using diced acellular dermal matrix. Non-infectious ery-
thema is not seen in cases where ADMs are not used and has been reported by many plastic
surgeons who use ADM and have reported a number of possible mechanisms. However,
no characteristic histologic findings have been described in these reports, and none of the
proposed mechanisms have been proven to be causal.

We were unable to prove a direct relationship between NK activity at diagnosis
and RBS after breast-conserving surgery and volume replacement with dADM for breast
cancer [17–19]. Though there was no significant chronological change since diagnosis,
NK activity reflected by IFN-γ secretion seemed to be decreased in the RBS group at
follow-up, contrary to the increased IFN-γ secretion in the non-RBS group. This should
not be interpreted definitively using only the data collected thus far. It may be due to
the reflection of local tissue reaction during development of RBS, but there are likely to
be other factors to be considered. Average values of the N/L, P/N, and P/L ratio at the
time of diagnosis and follow-up, as well as chronological changes within each group,
are shown in Table 2. These values are commonly used to indirectly evaluate patients’
immunological status or prognostic/predictive value in various solid tumors including
breast cancer [20,21]. The initial and follow-up ratio of N/L, P/N, and P/L between the
RBS and non-RBS groups was not statistically different, except that the platelet/lymphocyte
ratio was significantly increased at follow-up compared to the initial ratio in the non-RBS
group (p = 0.02). Considering the fact that many more patients with preoperative systemic
chemotherapy were included in the RBS group, it may harbor some clinical meaning. But
statistical evaluation was not possible due to the small number of such patients [22,23].

In this study, there were no significant differences in eosinophil counts between
the RBS and non-RBS groups at the time of diagnosis or follow-up. However, the RBS
and non-RBS groups showed significantly increased eosinophils at follow-up, compared
to respective initial values. In the context of eosinophilia, the increment of eosinophil
counts at follow-up was 2.99 times in the RBS group and 1.57 times in the non-RBS group,
compared to initial values, respectively. Eosinophils act to defend against infectious
stimuli, especially parasites, and play key roles in various immune-mediated skin and
constitutional diseases such as allergic inflammation. During this defense mechanism,
eosinophils release mediators that act in immune regulations as well as mediate skin
symptoms [24]. Eosinophilic skin diseases show eosinophilic infiltration that may or
may not accompany eosinophilia. Idiopathic eosinophilic dermatoses are known to be
accompanied by eosinophilic infiltration that can affect certain tissue layers or adnexal
structures of dermis, subcutaneous fat or other structures [25].

Initially, antibiotics were given to alleviate suspected infection; however, this had
a minimal effect when there was no isolable pathogen from culture by aspiration under the
erythema. Once we were unable to identify any specific pathogens causing the erythema,
we began to remove dADM to minimize further subcutaneous fat necrosis that might lead
to devastating skin necrosis. Most of the RBS cases that required surgical management
showed profuse subcutaneous fat necrosis at re-exploration. Once the dADM was removed,
the skin erythema began to disappear within a couple of weeks in most cases. Even though
it is difficult to prove that there is a direct causal relationship with all these findings, we
suspect that dADM may activate the immune system and affect specific skin layers, such
as dermis or subcutaneous fat, to induce allergic reaction and cause eosinophilic dermatitis.
Therefore, we suspect that the removal of dADM can lead to fast recovery from RBS
leaving no sequelae behind, because it should be the triggering factor of the non-infectious
erythema. Taken together with the increment of eosinophil counts in the non-RBS group,
dADM may induce the host immune system by recruiting eosinophils over the area where
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dADMs are stacked. Nevertheless, most patients undergoing breast-conserving surgery
and volume replacement with dADM can recover from this rare eosinophilic dermatitis
without the need of removing the dADM [26]. Preoperative chemotherapy and granulocyte
stimulating factors used to facilitate recovery from neutropenia after chemotherapy may
affect the host immune system, especially during the course of systemic treatment [27,28].
The analysis of many more cases of RBS should be required to determine an objective causal
relationship between eosinophils and RBS after breast-conserving surgery and volume
replacement with dADM. Lastly, no case of any other malignancies, including hematologic
diseases such as anaplastic large cell lymphoma, has been seen after certain synthetic breast
implant insertion for reconstruction, for more than 3 years since the first case of dADM
reconstruction with breast-conserving surgery for breast cancer [29,30].

6. Conclusions

We believe that, in cases of suspected red breast syndrome, it is important to first
differentiate whether there is an infection or not; if RBS is confirmed, unnecessary antibiotics
should be avoided, and short-term steroid use can effectively relieve symptoms. In this
study, we proposed eosinophilia as a possible reason for the development of RBS after
volume displacement with dADM after conventional breast-conserving surgery. To our
knowledge, this is the first report of de novo RBS in patients undergoing partial mastectomy
for resectable breast cancer and the implantation of a dADM as volume displacement.
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Abstract: Breast cancer, a leading cause of female mortality worldwide, poses a significant health chal-
lenge. Recent advancements in deep learning techniques have revolutionized breast cancer pathology
by enabling accurate image classification. Various imaging methods, such as mammography, CT,
MRI, ultrasound, and biopsies, aid in breast cancer detection. Computer-assisted pathological im-
age classification is of paramount importance for breast cancer diagnosis. This study introduces a
novel approach to breast cancer histopathological image classification. It leverages modified pre-
trained CNN models and attention mechanisms to enhance model interpretability and robustness,
emphasizing localized features and enabling accurate discrimination of complex cases. Our method
involves transfer learning with deep CNN models—Xception, VGG16, ResNet50, MobileNet, and
DenseNet121—augmented with the convolutional block attention module (CBAM). The pre-trained
models are finetuned, and the two CBAM models are incorporated at the end of the pre-trained
models. The models are compared to state-of-the-art breast cancer diagnosis approaches and tested
for accuracy, precision, recall, and F1 score. The confusion matrices are used to evaluate and visualize
the results of the compared models. They help in assessing the models’ performance. The test
accuracy rates for the attention mechanism (AM) using the Xception model on the “BreakHis” breast
cancer dataset are encouraging at 99.2% and 99.5%. The test accuracy for DenseNet121 with AMs is
99.6%. The proposed approaches also performed better than previous approaches examined in the
related studies.

Keywords: breast cancer; CNN; attention mechanism; transfer learning; classification; malignant;
benign; magnification level; histopathology image

1. Introduction

Cancer, the primary cause of mortality in several nations, has become a significant
global health concern. Cellulitis, or abnormal cell proliferation, is essential to developing
malignancy. Tumors and cancers are characterized by the uncontrolled proliferation of
cells, which results in the formation of aggregates or tumors in different organs. Lung,
liver, colorectal, stomach, and breast cancers are the most prevalent forms of the disease [1].
Histopathology, the microscopic examination of biopsies by pathologists, is essential for
diagnosing and comprehending the progression of organ cancer. Before microscopic
examination, histological slides of tissue are prepared to facilitate examination. These
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transparencies display a variety of cells and tissue structures. Worldwide, breast cancer
is the primary cause of mortality among female cancer patients. Its prevalence and fa-
tality make it a significant global concern that affects a large number of women. Breast
cancer is the most prevalent malignancy, accounting for approximately 14% of all cancers,
with high mortality and morbidity rates among women worldwide. It increases the mor-
tality rate among women, affecting approximately 2.1 million each year. It was estimated
that 6,855,000 women would perish from breast cancer in 2020 [2]. Globally, death rates
are on the rise, and they are significantly higher in wealthy nations. Tumors are masses
that result from cancer’s aberrant cell division. A growth can be malignant (cancerous) or
benign. Cancer of the breast is a malignant neoplasm that develops from breast cells.

According to clinical evidence, the survival rate of breast cancer patients can be
significantly improved by early and accurate diagnosis. Although histopathological ex-
amination has long been regarded as the gold standard for breast cancer diagnosis, its
accuracy can be affected by subjective factors and image texture quality [3]. This can result
in incorrect diagnoses and unnecessary patient injury. In order to resolve these issues,
it is anticipated that computer-assisted categorization of histological images will reduce
pathologists’ burden and improve the accuracy and efficiency of pathological investiga-
tions. By leveraging technology, these advancements have the potential to yield substantial
therapeutic and societal advantages in the field of breast cancer diagnosis. Deep learn-
ing techniques, specifically convolutional neural networks (CNNs), have demonstrated
promise in medical image analysis tasks in recent years [4,5]. This article presents a novel
method for analyzing breast cancer pathological images to improve feature extraction and
diagnostic precision. The proposed method employs modified pre-trained CNN mod-
els and attention mechanisms to capture salient local features and derive an exhaustive
representation of breast cancer images. Incorporating a channel attention module, which
facilitates non-dimensionality reduction and local cross-channel interaction, is one of the
main contributions of the proposed method. This module increases the CNN’s ability to
extract pertinent information from pathological images by selectively concentrating on
significant local features. In addition, the attention mechanism incorporates a spatial atten-
tion block that selectively highlights essential regions within the histopathological images.
This attention mechanism assures the extracted breast cancer classification features are
informative and highly pertinent. By focusing the network’s attention on critical regions,
the proposed method accomplishes a robust global representation of features, enhancing
overall diagnostic performance. Experiments are conducted on the BreakHis [6] breast
cancer pathology dataset to evaluate the efficacy of the proposed method. The approach
obtains comparable results to the most advanced models in the field, demonstrating its
competitive performance. This paper proposes a novel breast cancer pathological image
analysis approach incorporating attention mechanisms and modified pre-trained CNN
models. The proposed method improves feature extraction by capturing salient local fea-
tures and accentuating essential regions selectively, resulting in a comprehensive global
representation of features. The experimental evaluation demonstrates the efficiency and
competitiveness of the proposed breast cancer diagnosis method.

2. Related Works

A significant amount of studies have been conducted on classifying breast cancer
images using deep learning methods. Two major approaches can be used to classify these
investigations broadly [7]. The initial strategy utilizes representative CNN models as
feature extractors and classifiers [8], followed by traditional machine learning models for
classification [9].

Fatima et al. [10] review several works of literature that summarize and showcase prior
studies focusing on machine learning algorithms employed in breast cancer prediction.
Their work is a valuable resource for researchers seeking to analyze these algorithms and de-
velop a fundamental understanding of deep learning research in this domain. Asri et al. [11]
compare the efficacy of four machine learning algorithms using the Wisconsin Breast Cancer
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dataset: support vector machine (SVM), decision tree (DT), naïve Bayes (NB), and k-nearest
neighbor (k-NN). The primary objective is to evaluate each algorithm’s accuracy, preci-
sion, sensitivity, and specificity in efficiently classifying the data. The experimental results
demonstrate that SVM obtains the utmost accuracy of 97.13% with the lowest error rate. All
investigations were conducted in a simulated environment using the WEKA data mining
instrument. Liu et al. [12] proposed the AlexNet-BC model, a novel framework for breast
pathology classification. They introduce an improved cross-entropy loss function that
effectively handles overconfident low-entropy output distributions, ensuring more suitable
predictions for uniform distributions. They conducted a comprehensive series of experi-
ments using the BreaKHis, IDC, and UCSB datasets to validate their approach. The results
consistently demonstrate that the proposed method achieved slightly better results across
varying magnification levels. Ramesh et al. [13] incorporated the GoogLeNet architecture
for segmentation purposes. The resulting segmentations serve as inputs to enhance the
performance of classifiers such as SVM, DT, RF, and NB. This approach yields notable im-
provements in accuracy, Jaccard and dice coefficients, sensitivity, and specificity compared
to traditional architectures. The authors’ proposed model achieves an accuracy score of
99.12%. Notably, it outperforms the AlexNet classifier by 3.78% in accuracy, and, on aver-
age, the improvement over existing techniques is 4.61%. Sharma and Kumar [14] explored
the feasibility of leveraging a pre-trained Xception model for magnification-dependent
breast cancer histopathological image classification, positioning it against conventional
handcrafted methodologies. Notably, the Xception model using the ’radial basis function’
kernel, in tandem with an SVM classifier, showcased a superior and more consistent per-
formance. Across magnification levels (40×, 100×, 200×, and 400×), accuracy figures of
96.25%, 96.25%, 95.74%, and 94.11% were achieved. Liew et al. [15] researched DLXGB
(deep learning and eXtreme gradient boosting) and applied it to histopathology breast
cancer images from the BreaKHis dataset to classify breast cancer. The method comprises
data augmentation, stain normalization, and the use of a pre-trained DenseNet201 model
for feature learning. Then, a gradient-boosting classifier is combined with these features.
The classification task entails differentiating benign from malignant cases and classifying
the images into eight non-overlapping/overlapping categories. The results demonstrate
that DLXGB obtained a remarkable 97% accuracy for both binary and multi-class classifica-
tion, superseding previous studies utilizing the same dataset. Atban at el. [16] concentrated
on classifying breast cancer using optimized deep features. They used the ResNet18 ar-
chitecture for feature extraction results in the production of deep features. Meta-heuristic
algorithms, such as particle swarm optimization (PSO), atom search optimization (ASO),
and the equilibrium optimizer (EO), are employed to improve the representativeness of
these features further. Traditional ML algorithms are then used to evaluate the optimized
deep features’ classification effect. The experimental analysis is conducted on the widely
used benchmark dataset BreakHis. The results demonstrate that the proposed method,
in particular, the features obtained from ResNet18-EO, obtains an impressive F-score of
97.75% when coupled with an SVM employing Gaussian and radial-based functions (RBF).
Ayana et al. [17] proposed in breast cancer classification the multistage transfer learning
(MSTL) algorithm, which employs three pre-trained models—EfficientNetB2, InceptionV3,
and ResNet50—combined with three optimizers: Adam, Adagrad, and stochastic gradi-
ent descent (SGD). The dataset encompasses 20,400 cancer cell images, supplemented by
200 ultrasound images from Mendeley and 400 from the MT-Small-Dataset. Highlighting
the versatility of MSTL, the ResNet50-Adagrad configuration yielded significantly higher
test accuracy scores of 99 ± 0.612% on the Mendeley dataset and 98.7 ± 1.1% on the MT-
Small-Dataset, demonstrating consistency across five-fold cross-validation. Wang et al. [18]
proposed a new method for the automated diagnosis and staging of cancer based on image
analysis and machine learning algorithms. They utilized the BreaKHis dataset and applied
preprocessing procedures, such as color-to-grayscale conversion, thresholding, and filtering.
Nuclei are segmented utilizing the distance transform and watershed algorithms. Two dis-
tinct techniques for feature extraction are investigated. An ensemble-tagged tree classifier
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obtains the most remarkable accuracy (89.7%) in binary classification (benign vs. malignant).
An ensemble subspace discriminant classifier obtains an accuracy of 88.1% for multiclass
classification. Dubey et al. [19] proposed a hybrid convolutional neural network architec-
ture for classifying benign and malignant breast lesions in histopathological micrographs.
The architecture incorporates a ResNet50 model that has been pre-trained with additional
layers that include global average pooling, dropout, and batch normalization. The proposed
method obtains state-of-the-art performance on the BreakHis data set, exceeding previous
benchmarks. The model obtains an AUC of 0.94 and a precision of 98.7%, demonstrating
its efficacy in managing the binary classification problem and overcoming target imbalance.
The innovation of the proposed method resides in the strategic incorporation of ResNet50’s
knowledge and training with the global average pooling layer. Singh et al. [20] proposed
a hybrid deep neural network based on histopathological images for computer-assisted
breast cancer diagnosis. The network integrates inception and residual blocks to capitalize
on their respective benefits and achieve superior performance compared to existing algo-
rithms. Two publicly available datasets, Breast Histopathology Images (BHI) and BreakHis,
are used to train and validate the proposed method. With training precisions of 0.9642
for BreakHis and 0.8017 for BHI, the experimental results demonstrate the superiority of
the proposed method. The model outperforms conventional deep neural networks and
cutting-edge breast cancer detection techniques with accuracies of 0.8521 for BHI and 0.8080,
0.8276, 0.8655, and 0.8580 for distinct magnification levels (40×, 100×, 200×, and 400×)
in the BreakHis dataset. Venugopal et al. [21] proposed a hybrid deep-learning model
that combines Inspection-ResNetv2 and EfficientNetV2-S with ImageNet-trained weights
to classify breast cancer histopathology images. Using the BreakHis and BACH datasets,
the model is evaluated. The top layer is removed from both networks, and global average
pooling, dense layers, dropout, and a final classification layer are added. The individual
results from the Inspection-ResNetv2 and EfficientNetV2 models are contrasted with the
model’s output. The final classification layer comprises four neurons for the BACH dataset
and eight neurons for the BreakHis dataset. The experimental results demonstrate the
proposed model’s efficacy, achieving an overall precision of 98.15 percent for the BACH
dataset and 99.03 percent for the BreakHis dataset. Kumari et al. [22] introduced a transfer
learning-based AI system for classifying breast cancer using histopathological images.
The VGG-16, Xception, and Densenet-201 deep convolutional neural network architectures
are used as base models in the transfer learning approach. Using the pre-trained base
models, features are extracted from each test image, and the images are categorized as
benign or malignant. The proposed system achieves high classification accuracies of 99.42%
(IDC dataset) and 99.12% (BreaKHis dataset). Compared to extant breast cancer classi-
fication methodologies, the outcomes demonstrate superior performance. Additionally,
the proposed system is independent of image magnification levels, which increases its
utility and adaptability. Joshi et al. [23] proposed a deep CNN-based breast cancer detec-
tion framework. The BreakHis and IDC datasets are used to extract breast cancer-related
information from histopathology images. Three pre-trained CNN models, EfficientNetB0,
ResNet50, and Xception, are assessed, with the customized Xception model producing
the best results. The BreakHis dataset’s 40 magnification images obtain an accuracy of
93.33 percent. The models are trained on 70 percent of the BreakHis dataset and validated
on 30 percent of the remaining data. For regularization, data augmentation, dropout,
and batch normalization are utilized. The enhanced Xception model is fine-tuned and
tested on a subset of the IDC dataset, attaining an invasive ductal carcinoma detection
accuracy of 88.08%. Adapting the pre-trained model to diverse classification tasks on
the BreakHis and IDC datasets, this study demonstrates the efficacy of transfer learning.
R Karthik et al. [24] introduced a novel classification method for breast cancer based on
an ensemble of two deep convolutional neural network architectures, CSAResnet and
DAMCNN, enhanced with Channel and Spatial attention. The framework extracts features
from histopathology images in parallel using both architectures and employs ensemble
learning to enhance performance. On the BreakHis dataset, the proposed method obtains a
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high classification accuracy of 99.55%. Zou et al. [25] proposed AHoNet with a channel
attention module to capture local salient features within breast cancer pathological images,
enhancing their discriminative power. Their method estimates second-order covariance
statistics through matrix power normalization, providing a robust global feature repre-
sentation. To assess the effectiveness of AHoNet, it was evaluated on two public breast
cancer pathology datasets: BreakHis and BACH. The results demonstrate AHoNet’s com-
petitive performance, achieving optimal patient-level classification accuracies of 99.29%
on BreakHis and 85% on BACH. These findings underscore the potential of attention
mechanisms in enhancing breast cancer classification, aligning with the objectives of the
proposed research, which combines transfer learning and attention mechanisms for breast
cancer classification. Jadah et al. [26] introduced a breast cancer classification model based
on the AlexNet convolutional neural network. The model is applied to histopathological
images from the BreakHis dataset to diagnose breast cancer. Various modifications to the
parameters and data are implemented to enhance the model’s ability to recognize and
classify input images as benign or malignant tumors. By optimizing the training frequency
and balancing the training data, a classification accuracy of up to 96% is achieved. This
research paper reviewed various approaches and advancements in breast cancer detection
and classification, which are highlighted by the related works. Various techniques, such as
machine learning algorithms, deep learning models, and ensemble methods, have been
utilized to accurately analyze histopathological images and diagnose breast cancer. Transfer
learning, data augmentation, and feature extraction techniques have been extensively used
to improve classification model performance. The studies highlight the significance of im-
age normalization, segmentation, and feature selection for increasing the accuracy of breast
cancer classification systems. In addition, the use of publicly accessible datasets, such as
BreakHis and IDC, has allowed researchers to compare and evaluate the efficacy of various
methods. The related works demonstrate the potential of computational approaches to aid
medical professionals in the early detection and accurate diagnosis of breast cancer, paving
the way for enhanced patient outcomes and individualized treatment strategies. Several
research voids exist in the classification of breast cancer that must be addressed. In machine
learning-based approaches, there is a reliance on manual feature extraction, which can be
time-consuming and subjective. To combat this, it is necessary to investigate methods of
deep learning that can autonomously learn pertinent features from histopathology images.
An additional area for improvement is the imbalance in training datasets, which can result
in biased predictions. Effective data augmentation strategies are required to represent
all classes adequately. In addition, existing methods frequently employ single-path deep
learning architectures, which may lead to a more significant number of false positives
and false negatives. Consider utilizing sophisticated techniques such as feature fusion
and ensembling to increase classification accuracy. Motivated by these gaps, this paper
proposes a novel classification method for breast cancer that tackles these limitations and
enhances diagnostic accuracy.

3. Materials and Methods

This section presents the proposed image classification architecture for breast cancer us-
ing histopathology images. In addition, we investigate the specifics and fundamentals of the
essential methods used in this study to assess their effect on medical image categorization.

The BreakHis dataset is selected as the sole dataset for evaluating our proposed
models. This extensive collection of non-full-field breast cancer histopathology images is
chosen due to its widespread recognition and accessibility. We establish a firm foundation
for our medical application by utilizing the BreakHis dataset. This decision ensures the
validity and generalizability of our proposed model, as the BreakHis dataset is represen-
tative of a typical dataset for image multiclassification tasks in breast cancer pathology.
The 2016-created BreakHis dataset is available online via the breast cancer database. It
consists of 7909 histopathological images of breast tumors from 82 patients. The dataset
comprises 2480 benign tumor images (fibroadenoma, adenoma, tubular adenoma, and tri-
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chome tumors) and 5429 malignant tumor images (lobular carcinoma, ductal carcinoma,
papillary carcinoma, and mucinous carcinoma) obtained at four magnifications: 40×, 100×,
200×, and 400×. In the breast tumor pathology section, each image from the BreakHis
database is displayed with a 700-460-pixel resolution and RGB color format. Figure 1
depicts breast tissue segments, including malignant tumors, from the BreakHis dataset at
four magnifications.

Figure 1. Representation of BreakHis dataset at four magnifications.
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The dataset is divided into training and test sets based on the magnifications for the
purpose of breast cancer prediction. Table 1 depicts the distribution of samples across
various magnification levels (40×, 100×, 200×, and 400×) and the corresponding division
into training and testing subsets. The dataset is separated into training and test sets for
each magnification level. The training set is used to train models for predicting breast
cancer, while the testing set is used to evaluate the efficacy of the trained models. This
division of the dataset, systematically based on the magnification level, guarantees that
the trained models are evaluated using independent and representative samples from each
magnification level. This enables a comprehensive evaluation of the models’ performances
at various magnification levels, contributing to the robustness and generalizability of the
research findings.

Table 1. Splitting the dataset among the magnification levels into training and testing.

Magnification Level 40× 100× 200× 400× Total

Splitting to Train and Test Set Training Testing Training Testing Training Testing Training Testing All

Benign 370 255 383 261 368 255 351 237 2480
Malignant 880 490 938 499 901 489 814 418 5429

Total 1250 745 1321 760 1269 744 1165 655 7909

Before further modifications are made to several pre-trained models [27], namely Xcep-
tion, VGG16, ResNet50, MobileNet, and DenseNet121, the BreakHis dataset is preprocessed.
After each individual model, the convolutional layer is connected to construct a modified
architecture for each model. Figure 2 represents the overall pipeline of the proposed system
for breast cancer classification in this study.

The preprocessing stages for the BreakHis dataset likely included resizing the images
to a consistent size, normalizing pixel values, and possibly applying additional transforma-
tions to improve the dataset’s quality and consistency.

After preprocessing, each pre-trained model is modified by adding a convolutional
layer. This additional layer permits further extraction and refinement of BreakHis-specific
features. By connecting the conv layer after each model individually, the modified ar-
chitectures can effectively capture and learn from the dataset’s pertinent patterns and
characteristics. The architecture uses pre-trained models as its backbone, leveraging prior
knowledge to extract meaningful and representative features from the input images. This
incorporation enables the model to leverage the ImageNet dataset’s extensive feature rep-
resentations. Following that, convolutional layers, max-pooling layers, channel attention
layers, and spatial attention layers are included in the architecture. These components
collaborate to improve the extraction of salient image features and highlight pertinent
image regions. The extracted multidimensional features are then transformed into a com-
pact 1D vector by a flattened layer, which is followed by batch normalization and a dense
layer with softmax activation for efficient classification. The model is compiled utilizing
the binary cross-entropy loss function and the well-known Adam optimizer [28] with
a variable learning rate. We prioritize optimal performance and resource allocation by
incorporating memory management techniques. It helps mitigate potential memory leaks,
reduce memory usage, and enhance the overall efficiency of the deep learning model.
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Figure 2. The proposed breast cancer detection workflow utilized a pre-trained model with an
attention mechanism.

3.1. Attention Mechanism

The Convolutional Block Attention Module (CBAM) [29]: In our research, we applied
the CBAM to address the challenges posed by limited data and computational constraints in
breast cancer histopathology image classification. The CBAM module selectively highlights
relevant features and suppresses extraneous ones, thereby improving the performance of
the model [30].

The Channel Attention Module: The channel attention module focuses on capturing
channel interactions. Given the input feature map F, we perform global average pooling
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and global max-pooling to obtain average-pooled (FCAvg) and max-pooled (FCMax) features,
respectively. These features are then individually passed through a multilayer perceptron
(MLP), and the resulting elements are added element-wise. This process generates the
channel attention map (Mc(F)), representing inter-channel relationships within the input
feature map.

To incorporate the channel attention map, we perform element-wise multiplication
between the input feature map (F) and the channel attention map (Mc(F)), which can be
expressed as:

FC = σ(M(FCMax) + M(FCAvg))⊗ F, (1)

where σ denotes the sigmoid function.
The Spatial Attention Module: The spatial attention module aims to leverage inter-

spatial connections between features. We apply average pooling and max-pooling along
the channel axis to generate two feature maps, FSAvg and FSMax. These feature maps are
then concatenated along the channel axis and processed through a convolution layer to
generate a spatial attention map (Ms(F)) with dimensions H × W × 1. To integrate the
inter-spatial connections, the spatial attention map (Ms(F)) is element-wise multiplied
with the input feature map (FC), resulting in the revised feature map FCS with dimensions
H × W × C. This process can be expressed as:

FCS = σ(Conv(Cat[FSMax; FSAvg]))⊗ FC, (2)

where Conv() represents a convolution process with a 7 × 7 filter size.
By incorporating the CBAM module into our model, we enhance the ability to capture

essential features and improve the performance of breast cancer histopathology image
classification. Figure 3 represents the attention mechanism used in this study.

Figure 3. The attention mechanism, which includes channel and spatial attention blocks.

3.2. Feature Extraction

In our proposed method for histopathology image classification on the BreakHis
dataset, we integrate attention mechanisms into the feature extraction stage. These mech-
anisms are intended to improve the extraction of salient image features and highlight
relevant regions, thereby enhancing the model’s discriminative ability [31]. This section
details the feature extraction process of incorporating attention mechanisms. The feature
extraction phase begins by employing pre-trained models as the foundation of our ar-
chitecture. We can extract meaningful and representative features from input images by
leveraging prior knowledge from models trained on the ImageNet dataset. This technique
takes advantage of the extensive feature representations acquired from a large and diverse
dataset. Our proposed architecture includes convolutional layers, max-pooling layers,
channel attention layers, and spatial attention layers that collaborate to refine the derived
characteristics. The convolutional layers employ filters to capture various image patterns,
whereas the max-pooling layers downsample the feature maps to preserve the most per-
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tinent data. The attention mechanisms are crucial to our feature extraction procedure.
The channel attention layers permit the model to dynamically adjust the significance of var-
ious channels within the feature maps. The model can extract more discriminative features
and suppress irrelevant data by concentrating on the most informative channels. Similarly,
the spatial attention layers enable the model to highlight pertinent image regions by adap-
tively weighting the spatial locations within the feature maps. This mechanism focuses
the model’s attention on the most informative regions, which improves the localization
and representation of pertinent image features. The incorporation of attention mechanisms
offers several benefits. First, it enhances the model’s ability to capture fine-grained details
and intricate image patterns. By selectively focusing on the most informative channels and
spatial locations, the model becomes more sensitive to pertinent characteristics, contribut-
ing to accurate classification. The attention mechanisms improve the interpretability of
the decision-making process of the model. We gain insight into which image regions and
features influence the model’s predictions by highlighting the significant regions and chan-
nels. This interpretability can be advantageous in applications that require transparency
and explicability. The attention mechanisms contribute to the overall efficacy of the feature
extraction process. The model can reduce computational redundancy and derive more
compact and discriminative representations by focusing on pertinent image regions and
features. This efficacy results in quicker inference times and enhanced utilization of compu-
tational resources. The attention mechanisms improve the extraction of prominent image
features, enhance interpretability, and optimize computational efficiency. By incorporating
attention mechanisms, our model is able to effectively capture pertinent information and
accomplish enhanced performance in image classification tasks using the BreakHis dataset.

3.3. Classification

Following the feature extraction phase, the extracted features are forwarded to the
classification phase [32], where attention mechanisms are employed to refine the feature
representations further and enhance the model’s discriminative power. During the classi-
fication phase, we employ attention mechanisms to dynamically weight the importance
of distinct features within the extracted representations. This enables the model to con-
centrate on the most pertinent information for accurate prediction. We apply attention
layers to the extracted feature representations to integrate attention mechanisms. These
layers determine the attention weights for each feature based on their importance to the
classification assignment. The attention weights are then applied to the features, accentuat-
ing those most informative while downplaying those less pertinent. Our model acquires
several benefits by integrating attention mechanisms into the classification stage. First, it
enables the model to concentrate on most informative discriminative characteristics for the
classification assignment. This selective focus improves the model’s robustness and preci-
sion by minimizing the influence of irrelevant or chaotic features. Attention mechanisms
improve the interpretability of the classification procedure. By displaying the attention
weights, we can determine which features influence the model’s decision-making. This
interpretability permits us to gain insight into the model’s logic and provides a method
for validating its predictions. It can mitigate the effects of class disparity by concentrating
on underrepresented classes. The model can enhance its performance on these classes by
allocating greater attention weights to minority-class samples, resulting in a more accurate
and balanced classification. Incorporating attention mechanisms into the classification
phase improves the model’s discriminative ability, interpretability, and robustness [33].
By dynamically balancing the significance of features, the model can prioritize pertinent
information and make more accurate predictions. Incorporating attention mechanisms
into the classification stage enhances the overall performance of our proposed method for
image classification on the BreakHis dataset.
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4. Results

This section evaluates and analyzes the proposed CNN models with attention mecha-
nisms for histopathology image classification on the BreakHis dataset. The model’s per-
formance is evaluated based on classification accuracy, precision, recall, and F1-score. We
conducted the same experimental configuration with other prominent CNN architectures,
including Xception, VGG16, ResNet50, MobileNet, and DenseNet121. Regarding accuracy
and other evaluation metrics, our proposed model with attention mechanisms consistently
outperformed these architectures, demonstrating its efficacy in breast cancer classification.

Table 2 displays the evaluation of the performance of the proposed models with at-
tention mechanisms on the BreakHis dataset at different magnification levels (40×, 100×,
200×, and 400×). Included in the evaluation metrics are validation accuracy and validation
loss. The Xception model obtained high accuracy rates at all magnification levels, rang-
ing from 98.5% to 99.5%, as shown in Table 1. The loss values are consistently modest,
ranging between 0.02 and 0.04. This indicates that the model can accurately classify breast
histopathology images with attention mechanisms. Compared to Xception, the VGG16
model displayed accuracy rates from 92.8% to 97.2%. The model obtained acceptable
performance despite the dataset’s complexity. ResNet50 exhibited consistent performance
across magnification levels, with 98.0% and 98.8% accuracy rates and minimal loss values
between 0.05 and 0.09. This demonstrates the robustness and efficacy of the model in breast
cancer classification. The MobileNet model obtained accuracy rates ranging from 92.4% to
99.2%, which are deemed satisfactory. However, its loss values are significantly greater than
those of other models, ranging from 0.05 to 0.26. It may require additional optimization
and finetuning to achieve optimal performance. DenseNet121 demonstrated a competitive
level of performance, with accuracy rates ranging from 95.5% to 99.5%. The model consis-
tently obtained low loss values varying from 0.02 to 0.12, demonstrating its classification
accuracy. The experimental results demonstrate that incorporating attention mechanisms
into proposed breast cancer classification models is effective. Xception and DenseNet121
demonstrated especially promising results. These findings validate the benefits of attention
mechanisms in enhancing the ability of models to focus on pertinent features and regions,
which contributes to enhanced classification performance.

Table 2. Accuracy rates and loss of the proposed models with attention mechanism.

Method\Magnification Level
40× 100× 200× 400×

Accuracy Loss Accuracy Loss Accuracy Loss Accuracy Loss

Xception 99.2 0.02 98.5 0.05 99.2 0.04 99.5 0.04
VGG16 92.8 0.21 93.6 0.29 97.2 0.10 94.8 0.15

ResNet50 98.8 0.06 98.1 0.09 98.0 0.06 98.2 0.05
MobileNet 92.4 0.17 96.2 0.06 99.2 0.05 91.4 0.26

DenseNet121 97.2 0.07 95.5 0.12 98.8 0.11 99.6 0.02

The accuracy and loss graphs among magnification levels are to visually illustrate
in Figures 4–7 the performances of the proposed models at different magnification levels.
These graphs provide an intuitive representation of how the models perform in terms
of accuracy and loss as the magnification level of the images varies. They provide a
visual understanding of how the models’ accuracy and loss values change as the level
of magnification increases or decreases. Accuracy and loss graphs across magnification
levels offer an informative visual representation of the model’s performance, enhancing
the clarity and comprehensibility of the research findings.
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Figure 4. Accuracy and loss graphs for proposed models with 40× magnification level.
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Figure 5. Accuracy and loss graphs for proposed models with 100× magnification level.
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Figure 6. Accuracy and loss graphs for proposed models with 200× magnification level.
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Figure 7. Accuracy and loss graphs for proposed models with 400× magnification level.
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The precision performance results presented in this paragraph are based on our ex-
periments with the proposed models and the BreakHis dataset. The macro average and
weighted average metrics provide valuable insight into the precision performance of the
models across all magnification levels, considering both equal and variable class distribu-
tions. In terms of precision, the efficacy of the proposed models at the 40×, 100×, 200×,
and 400× magnification levels are evaluated. Precision measures a model’s ability to clas-
sify positive instances correctly. Due to providing a thorough evaluation, we utilize macro
average metrics to assess various performance metrics. The macro average calculates the
average value of these metrics across all magnification levels, assigning equal weight to
each level. This approach provides an overall performance measure that treats all magnifi-
cation levels equally, regardless of class distribution. It is useful for evaluating the models’
general performance without considering class imbalances at different magnification levels.
In contrast, the weighted average metrics consider the class distribution for each magnifi-
cation level. They calculate the average value of the metrics while giving more weight to
magnification levels with larger class sizes. This approach offers a more comprehensive
evaluation of the models’ performance, considering the varying class distributions across
magnification levels. By giving appropriate weight to each magnification level based on its
class distribution, the weighted average metrics provide a more representative assessment
that avoids bias toward the most frequent class and reflects the true performance across
different magnification levels.

Table 3 shows that Xception consistently obtained the highest precision performance
across all magnification levels, with scores ranging from 86.1% to 90.4% based on the macro
average. The VGG16 model’s precision performance is marginally inferior, with scores
ranging from 81.3% to 87.2%. Xception and ResNet50 maintained their superiority, ob-
taining precision scores from 86.3% to 88.2% and from 89.0% to 88.2%, respectively, when
considering the weighted average. The precision ratings for VGG16 and MobileNet ranged
from 85.4% to 87.2% and 86.1% to 88.2%, respectively. These results demonstrate that
the precision performance of the proposed models varies with the magnification level.
Xception and ResNet50 have consistently demonstrated greater precision than VGG16
and DenseNet121. The evaluation of precision using both macro average and weighted
average metrics provides a comprehensive comprehension of the precision capabilities of
the models for breast cancer classification tasks at varying magnification levels.

Table 3. Precision performances of the proposed models with attention mechanism across magnifica-
tion levels.

Magnification Level\Model

40× 100× 200× 400×
Macro

Average (%)
Weighted

Average (%)
Macro

Average (%)
Weighted

Average (%)
Macro

Average (%)
Weighted

Average (%)
Macro

Average (%)
Weighted

Average (%)

Xception 89.2 89.1 90.4 90.3 86.3 87.5 86.3 88.2
VGG16 87.1 84.0 85.4 86.3 81.3 84.2 85.6 87.2

ResNet50 91.7 88.2 91.6 90.1 89.0 89.4 86.3 88.1
MobileNet 87.7 89.5 90.2 88.2 86.6 88.3 86.1 88.4

DenseNet121 86.5 87.4 85.4 86.6 88.2 88.5 87.3 88.1

The recall performance results are present based on experiments conducted on the
BreakHis dataset using the proposed attention mechanism models. The macro average
and weighted average metrics provide valuable insight into the overall recall performance
of the models across all magnification levels. Table 4 displays the recall performance
of the proposed models with the attention mechanism at various magnification levels.
Recall, also known as sensitivity or true positive rate, quantifies the model’s ability to
accurately identify positive instances (for example, correctly classifying malignant cells in
the BreakHis dataset). The overall recall performance of the models across all magnification
levels is evaluated using macro average and weighted average metrics. The macro average
computes the average recall value across all magnification levels, considering each level
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equally. The weighted average considers the class distribution at each magnification level,
providing a more accurate evaluation by giving greater weight to magnification levels with
larger class sizes. According to Table 4, Xception achieved the highest recall performance
across all magnification levels, with macro average scores between 84.1% and 88.2%. The
macro average recall performance of VGG16 ranged between 74.6% and 83.4%. ResNet50
exhibited excellent recall performance, with macro average scores ranging from 85.5 to
87.7 percent. The MobileNet model exhibits variable recall performance, with macro
average scores ranging between 80.1% and 88.5%. The recall performance of DenseNet121
is relatively consistent, with macro average scores ranging from 84.4% to 86.9%. Based
on the weighted average, Xception and ResNet50 maintain their superiority, with recall
scores spanning from 87.3% to 90.4% and from 86.3% to 90.1%, respectively. The weighted
average recall scores for the VGG16 and MobileNet models range between 81.2% and
86.1% and between 86.3% and 87.6%, respectively. The weighted average recall scores
for DenseNet121 range between 86.1% and 88.6%. These results demonstrate that the
recall performance of the proposed models with an attention mechanism varies across
various magnification levels. Xception and ResNet50 demonstrated consistently superior
recall performance, whereas VGG16 and DenseNet121 demonstrated relatively inferior
performance. The evaluation of recall using both macro average and weighted average
metrics provides a comprehensive insight into the ability of models.

Table 4. Recall performances of the proposed models with attention mechanism across magnifica-
tion levels.

Model\Magnification Level

40× 100× 200× 400×
Macro

Average (%)
Weighted

Average (%)
Macro

Average (%)
Weighted

Average (%)
Macro

Average (%)
Weighted

Average (%)
Macro

Average (%)
Weighted

Average (%)

Xception 84.1 88.3 88.2 90.4 85.6 87.5 87.3 87.6
VGG16 74.6 82.5 83.4 86.1 83.0 83.3 81.2 84.5

ResNet50 85.5 89.4 87.7 90.1 86.3 89.1 87.2 87.1
MobileNet 88.4 88.2 80.1 86.3 86.2 88.2 88.5 87.6

DenseNet121 86.8 87.3 85.2 86.1 84.4 88.3 86.9 88.6

The F1-score performance results presented in this section are based on experiments
performed on the BreakHis dataset using the proposed pre-trained models with an attention
mechanism. The macro average and weighted average metrics provide valuable insight
into the models’ overall F1-score performance across magnification levels, considering
both equal and variable class distributions. Table 5 illustrates the F1-score performances
of the proposed pre-trained models with attention mechanisms at varying magnification
levels. The F1 score is a metric that integrates precision and recall to evaluate a model’s
performance in binary classification tasks. Similar to the preceding sections, macro average
and weighted average metrics are used to evaluate the overall F1-score performance of
the models across all levels of magnification. The macro average computes the average
F1-score across all magnification levels, considering each level equally. The weighted
average considers the class distribution at each magnification level, providing a more
accurate evaluation by giving greater weight to magnification levels with larger class
sizes. According to the data presented in Table 5, Xception demonstrated strong F1-score
performance at all magnification levels, with macro average scores ranging from 86.5% to
89.1%. ResNet50 also demonstrates impressive F1-score performance, with macro average
scores spanning between 87.3% and 88.3%. MobileNet exhibited relatively consistent
F1-score performance, with macro average scores ranging between 83.5% and 88.5%. The
F1-score performance of DenseNet121 is stable, with macro average scores ranging from
85.3% to 87.6%. However, VGG16 demonstrated inferior F1-score performance to the other
models, with average macro scores ranging between 77.9% and 84.6%.
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Table 5. F1-score performances of the proposed models with attention mechanism across magnifica-
tion levels.

Model\Magnification Level

40× 100× 200× 400×
Macro

Average (%)
Weighted

Average (%)
Macro

Average (%)
Weighted

Average (%)
Macro

Average (%)
Weighted

Average (%)
Macro

Average (%)
Weighted

Average (%)

Xception 86.5 88.3 89.1 90.3 85.7 87.6 87.2 88.1
VGG16 77.9 88.3 84.6 86.6 82.4 83.2 82.1 84.8

ResNet50 87.3 88.5 88.3 90.2 87.8 89.4 87.3 87.7
MobileNet 87.8 88.4 83.5 85.6 86.2 88.5 86.1 87.4

DenseNet121 86.7 87.3 85.5 86.1 85.3 87.4 87.6 88.5

Xception and ResNet50 maintain their superiority, with F1-score scores spanning
from 87.6% to 90.3% and from 87.3% to 90.2%, respectively, when the weighted average
is considered. MobileNet demonstrated weighted average F1-score scores ranging from
85 to 88 percent, whereas DenseNet121 demonstrated scores ranging from 86.1% to 88.5%.
VGG16 demonstrated a weighted average F1 score, with scores ranging from 83.2% to
88.3%. Evaluating the F1-score using macro average and weighted average metrics com-
prehensively comprehends the models’ overall performance in binary classification tasks
at varying magnification levels. Xception and ResNet50 consistently exhibited superior
F1-score performances, whereas VGG16 demonstrated relatively inferior performance.
The F1-score evaluation allows us to assess the models’ ability to reconcile precision and
recall when identifying positive instances at different magnification levels.

We have presented the outcomes of our proposed models for breast cancer classifi-
cation using histopathological images at four distinct levels of magnification: 40×, 100×,
200×, and 400×. To assess the performance of these models, we employed confusion
matrices, which provide a comparison of the model’s predictions to the actual disease la-
bels. Analyzing the confusion matrices for the proposed pre-trained models with attention
mechanisms in breast cancer classification provides valuable insight into their performance.
The true positive (TP), true negative (TN), false positive (FP), and false negative (FN) rates
provide a comprehensive comprehension of the models’ ability to classify malignant and
benign samples accurately. Figure 8 represents confusion matrices across all magnification
levels for the proposed models. In this figure, Xception consistently demonstrates higher
TP and TN rates than other models evaluated, indicating its superior performance in iden-
tifying malignant and benign samples reliably. ResNet50 demonstrates competitive TP
and TN rates, indicating its efficacy in classification tasks. VGG16 and MobileNet, on the
other hand, have relatively lesser TPR and TNR rates, indicating that their classification
performance has room for improvement.

The disorientation matrices are organized into four columns, one for each level of
magnification. Column “(a)” indicates a magnification level of 40×, column “(b)” indi-
cates a magnification level of 100×, column “(c)” indicates a magnification level of 200×,
and column “(d)” indicates a magnification level of 400×.

These outcomes are consistent with the previous results of our proposed system,
in which Xception and ResNet50 outperformed VGG16 and MobileNet in terms of accuracy,
precision, recall, and F1-score. Consequently, the analysis of the confusion matrices further
validates the superiority of the Xception and ResNet50 models in classifying breast cancer
samples accurately.
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Figure 8. Confusion matrices for proposed models with four magnification levels. Column (a) 40×,
Column (b) 100×, Column (c) 200×, Column (d) 400×.

5. Conclusions

This study investigates the efficacy of pre-trained models with attention mechanisms
for breast cancer classification at various magnification levels. Xception, VGG16, ResNet50,
MobileNet, and DenseNet121 are evaluated using accuracy, loss rates, precision, recall, and F1-
score metrics among macro and weight averages. The obtained results indicate that the
choice of magnification level substantially affects classification performance. Different mag-
nification levels resulted in models with varying degrees of accuracy, loss, precision, recall,
and F1-score. This is due to differences in image quality, resolution, and the presence of
distinct histopathological characteristics at each magnification level. Therefore, it is essential to
consider the appropriate magnification level when designing and implementing classification

99



Life 2023, 13, 1945

systems for breast cancer. Compared to other models, Xception consistently demonstrated
superior performance across most evaluation metrics, including accuracy, precision, recall,
and F1-score. ResNet50 and DenseNet121 also performs competitively, whereas VGG16
and MobileNet, produce relatively inferior results. These results highlight the significance
of selecting a suitable pre-trained model for breast cancer classification tasks, considering
the model’s ability to extract pertinent features and recognize intricate patterns within the
histopathological images. The incorporation of attention mechanisms into the models proved
advantageous, as this improved the extraction of salient features and the overall classification
performance. The attention mechanisms enabled the models to focus on significant regions
and emphasize pertinent information, thereby contributing to more precise and robust pre-
dictions. This demonstrates the significance of attention mechanisms in deep learning-based
medical image analysis and their potential to improve breast cancer detection and diagnosis.
This study emphasizes the significance of incorporating magnification levels and attention
mechanisms into breast cancer classification models. The findings contribute to the existing
corpus of knowledge in the field of medical image analysis and offer valuable insights to
breast cancer diagnosis researchers and practitioners. To further improve the performance
of breast cancer classification models, additional research is encouraged to investigate other
advanced techniques, evaluate larger data sets, and incorporate evaluation metrics.
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Abstract: (1) Background: This study aimed to develop a comprehensive understanding of the
treatment-related adverse events when using PD-1 or PD-L1 inhibitors in triple-negative breast cancer
(TNBC). (2) Methods: We conducted a meta-analysis of Phase II/III randomized clinical trials. Studies
were searched for using PubMed, Embase, and Cochrane Library from 1 March 1980 till 30 June
2022. Data on adverse events were mainly extracted from ClinicalTrials.gov and published articles.
A generalized linear mixed model with the logit transformation was employed to obtain the overall
incidence of adverse events across all studies. For serious adverse events with low incidences, the
Peto method was used to calculate the odds ratio (OR) and 95% confidence interval (95%CI) in the PD-
1 or PD-L1 inhibitors groups compared to the control groups. (3) Results: Nine studies were included
in the meta-analysis, including a total of 2941 TNBC patients treated with PD-1 or PD-L1 inhibitors
(including atezolizumab, pembrolizumab and durvalumab) and 2339 patients in the control groups.
Chemotherapy alone was the control group in all studies. The average incidences of all serious
immune-related adverse events of interest (hypothyroidism, hyperthyroidism, pneumonitis, pruritus,
rash) were less than 1%, except for adrenal insufficiency (1.70%, 95%CI: 0.50–5.61%) in the PD-1 or PD-
L1 groups. PD-1 or PD-L1 inhibitors significantly increased the risk of serious pneumonitis (OR = 2.52,
95%CI: 1.02–6.26), hypothyroidism (OR = 5.92, 95%CI: 1.22–28.86), alanine aminotransferase (ALT)
elevation (OR = 1.66, 95%CI: 1.12–2.45), and adrenal insufficiency (OR = 18.81, 95%CI: 3.42–103.40).
For non-serious adverse events, the patients treated with PD-1 or PD-L1 inhibitors had higher risk of
aspartate aminotransferase (AST) elevation (OR =1.26, 95%CI: 1.02–1.57), hypothyroidism (OR = 3.63,
95%CI: 2.92–4.51), pruritus (OR = 1.84, 95%CI: 1.30–2.59), rash (OR = 1.29, 95%CI: 1.08–1.55), and fever
(OR = 1.77, 95%CI: 1.13–2.77), compared with chemotherapy alone. (4) Conclusions: The incidence of
serious immune-related adverse events in PD-1 or PD-L1 inhibitors groups is low but significantly
higher than in chemotherapy groups. When using PD-1 or PD-L1 inhibitors for the treatment of
TNBC, serious pneumonitis, hypothyroidism, ALT elevation, and adrenal insufficiency should be
considered. Non-serious adverse events, such as AST elevation, rash, and fever, should also be taken
into consideration.

Keywords: triple-negative breast cancer; PD-1 inhibitors; PD-L1 inhibitors; adverse events; safety

1. Introduction

Breast cancer is a noteworthy public health problem, with a rising global burden in
many countries [1,2]. Breast cancer is the most common cancer in women, and it ranks first
as cause of death [2]. Triple-negative breast cancer (TNBC) is a special type of breast cancer,
which refers to the immunohistochemical examination of breast cancer cells showing that
estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor
receptor 2 (HER2) all lack expression [3]. TNBC accounts for 10–20% of all breast cancer
patients [4]. However, the prognosis of TNBC is worse than other types of breast cancer.
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The mortality of TNBC is over 40% within the first five years and most patients develop
distant metastasis [5].

Neoadjuvant chemotherapy is a primary pharmacotherapy for TNBC. Because of its
negative expression of ER, PR, and HER2, TNBC is not sensitive to endocrine therapy or
targeted therapy [6]. The national comprehensive cancer network guidelines recommend
using combination regimens based on taxane, anthracycline, cyclophosphamide, cisplatin,
and fluorouracil [7]. However, various combinations of chemotherapy drugs may lead
to different outcomes and prognoses for TNBC patients. According to available clinical
trial results, basal-like 1 subtype TNBC has more sensitivity to chemotherapy than other
subtypes, with the highest pathologic complete response (pCR) rate of 52% [8,9]. TNBC
has high heterogeneity and lacks useful targets, making it difficult to discover new targets.
Despite massive chemotherapy combinations being optional, drug resistance happens
inevitably in some patients [5]. Exploring and developing an effective and safe treatment
for TNBC is vital. Programmed cell death protein 1 (PD-1) or programmed cell death ligand
1(PD-L1) inhibitors can block the binding of PD-1 receptor protein on the surface of tumor
cells with PD-1 receptor in T cells, thereby causing T cells to kill tumor cells [10,11]. The
analysis of immunohistochemistry in TNBC patients has discovered that half of the TNBC
patients have high expression of PD-1 or PD-L1, which implies that PD-1 or PD-L1 could
be a potential target [10,12], while other studies have considered de-glycosylated PD-L1 in
TNBC cells as a biomarker [13].

In March 2019, the U.S. Food and Drug Administration (FDA) approved anti-PD-L1
therapy atezolizumab combined with chemotherapy for first-line treatment of patients with
PD-L1 positive advanced or metastatic TNBC patients based on the result of IMpassion
130 [14]. This approval made the atezolizumab and abraxane combination the first cancer
immunotherapy scheme for the treatment of PD-L1-positive metastatic TNBC. However,
in July 2021, Roche withdrew its application to extend the use of atezolizumab to the
treatment of TNBC patients in Europe because of the post-market study Impassion 131 [15].
KEYNOTE-012 was the first published result investigating the safety and efficiency of PD-1
inhibitor pembrolizumab in TNBC patients. Pembrolizumab given every 2 weeks to TNBC
patients achieved an overall response rate of 18.5% and had an acceptable safety profile [16].
Further studies discovered that platinum-based chemotherapy could make the tumor cell
more sensitive to PD-1 or PD-L1 inhibitors by exerting immunomodulation properties [17].

There are several meta-analyses that have evaluated the efficacy and safety of neoad-
juvant immune checkpoint inhibitors [18–20]. Previously, studies have shown that PD-1
or PD-L1 inhibitors are related to high incidences of various treatment-related adverse
events, such as fatigue, pruritus and hypothyroidism [21,22]. In a recent meta-analysis that
evaluated the effectiveness of PD-1 and PD-L1 inhibitors combined with chemotherapy
for TNBC, researchers found that the combination strategy improved the pCR rate and
progression-free survival (PFS) [20], but the combination treatment increased the risk of
several adverse events. There are limitations in the previous meta-analysis. Their safety
analysis was only confined to three clinical trials (Impassion 130 [23], Impassion 131 [24],
and Keynote-355 [25]) and failed to stratify immune checkpoint inhibitor regimens. Thus,
it is essential to have comprehensive understanding of treatment-related adverse events
using PD-1 or PD-L1 inhibitors in TNBC patients.

In this study, we conducted a systematic review and meta-analysis to thoroughly
evaluate the adverse events and the safety of PD-1 or PD-L1 inhibitors in TNBC patients
based on extensive randomized clinical trials.

2. Materials and Methods
2.1. Search Strategy

We systematically searched three databases (PubMed, Embase and Cochrane Library)
regarding PD-1 or PD-L1 inhibitors in triple-negative breast cancer from 1 March 1980 to
30 June 2022, independently by two authors (Y.Z. and J.W.). The keywords used in the
search strategy were “PD-1”, “PD-L1”, “nivolumab”, “pembrolizumab”, “durvalumab”,
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“atezolizumab”, “avelumab”, “triple-negative breast cancer” and “TNBC”. We reviewed
all the abstracts of the resulting studies and full texts were retrieved.

2.2. Study Selection

Three authors (Y.Z., J.W., and H.W.) independently conducted the literature selection.
Inconsistencies were resolved by consensus. We used the following criteria for study
selection: (1) Patients: triple-negative breast cancer patients, (2) Intervention: using PD-1
or PD-L1 as treatment, including but not limited to monotherapy, (3) Control: we did not
make any limitations to the control group, (4) Outcome: the data on adverse events should
be reported in the article or website (ClinicalTrials.gov), and (5) published in English. We
had the following exclusion criteria: (1) other study designs such as case reports, case series,
case–control studies, cohort studies, and so on, (2) protocols and secondary research, such
as systematic reviews, pooled analysis, and study protocols, (3) studies that did not focus
on PD-1 or PD-L1 inhibitors, (4) animal studies, and (5) duplicates.

2.3. Outcome and Data Extraction

We paid close attention to different reported adverse events among TNBC patients
treated with PD-1 or PD-L1 inhibitors. The adverse events included anemia, neutropenia,
arthralgia, back pain, alanine aminotransferase (ALT) elevation, aspartate aminotrans-
ferase (AST) elevation, hypothyroid, pneumonitis, colitis, fever, headache, pruritus, rash,
and so on. We first searched ClinicalTrials.gov for the submitted results. For those not
available on the website, we extracted data from the published articles. From the data
from ClinicalTrials.gov, we extracted both serious and non-serious adverse events. For
data from the article, we classified Grade 3 or higher as serious adverse events and Grade
1–2 as non-serious adverse events. Besides the adverse events, we also extracted the author,
published year, drug information, and trial name.

2.4. Quality Assessment and Data Analysis

We used Cochrane Bias Risk Evaluation Tool to assess six dimensions of bias: ran-
domization process, deviations from intended interventions, missing outcome data, mea-
surement of the outcome, and selection of the reported result. The bias was determined as
high risk, low risk and uncertain. After bias assessment, we first conducted a proportion
meta-analysis to calculate the overall incidence of serious and non-serious adverse events
using the generalized linear mixed model with the logit transformation [26]. For serious
adverse events with low incidence, we employed the Peto method to calculate the overall
odds ratio (OR) and 95% confidence interval (95%CI) between the treatment group and the
control group. We examined the heterogeneity between studies through the Q test and I2

statistics. The random effect model was used when there was high heterogeneity (I2 > 50%).
All data analysis was conducted by R (version 4.1.3).

3. Results
3.1. Features of Studies

We searched 648 studies in total, and 9 studies meeting the selection criteria were
incorporated into the research. Figure 1 shows the study selection diagram. Among all the
included studies, only one used PD-1 inhibitors [27], three studies used PD-1 inhibitors
combined with chemotherapy [25,28,29], and five studies used PD-L1 inhibitors combined
with chemotherapy [23,24,30–32]. Although we did not limit the control group in the
literature search, we found that all the studies used chemotherapy as their control group.
As a result, a total of 2941 patients were included in the treatment group, consisting of
1055 patients in the PD-L1 inhibitor atezolizumab group, 1721 in the PD-1 inhibitor pem-
brolizumab group, and 165 in the PD-1 inhibitor durvalumab group; 2339 patients were in
the control group for this meta-analysis. Eight studies were registered on ClinicalTrials.gov
and had published their data on adverse events. The data of the remaining study were
retrieved from the literature [31]. Table 1 presents information on the included studies.
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Table 1. Characteristics of all the included studies.

Year Title Authors NCT Number Study Treatment

2021

First-line atezolizumab plus
nab-paclitaxel for unresectable,
locally advanced, or metastatic

triple-negative breast cancer:
IMpassion130 final overall

survival analysis

Emens, L.A., et al. NCT02425891 IMpassion130 Atezolizumab+
chemotherapy

2021

Pembrolizumab versus
investigator-choice chemotherapy for

metastatic triple-negative breast
cancer (KEYNOTE-119):

a randomized, open-label, phase
3 trial

Winer, E.P., et al. NCT02555657 KEYNOTE-119 Pembrolizumab

2019

A randomized phase II study
investigating durvalumab in addition

to an anthracycline taxane-based
neoadjuvant therapy in early

triple-negative breast cancer: clinical
results and biomarker analysis of

GeparNuevo study

Loibl, S., et al. NCT02685059 GeparNuevo Durvalumab+
chemotherapy

2020

Pembrolizumab plus chemotherapy
versus placebo plus chemotherapy

for previously untreated locally
recurrent inoperable or metastatic

triple-negative breast cancer
(KEYNOTE-355): a randomized,
placebo-controlled, double-blind,

phase 3 clinical trial

Cescon, D., et al. NCT02819518 KEYNOTE-355 Pembrolizumab+
chemotherapy
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Table 1. Cont.

Year Title Authors NCT Number Study Treatment

2020 Pembrolizumab for early
triple-negative breast cancer Schmid, P., et al. NCT03036488 KEYNOTE522 Pembrolizumab+

chemotherapy

2021

Primary results from IMpassion131,
a double-blind, placebo-controlled,

randomized phase III trial of first-line
paclitaxel with or without

atezolizumab for unresectable locally
advanced/metastatic

triple-negative breast cancer

Miles, D., et al. NCT03125902 IMpassion131 Atezolizumab+
chemotherapy

2020

Neoadjuvant atezolizumab in
combination with sequential

nab-paclitaxel and
anthracycline-based chemotherapy

versus placebo and chemotherapy in
patients with early-stage

triple-negative breast cancer
(IMpassion031): a randomized,

double-blind, phase 3 trial

Mittendorf, E, et al. NCT03197935 IMpassion031 Atezolizumab+
chemotherapy

2021

Durvalumab with olaparib and
paclitaxel for high-risk

HER2-negative stage II/III breast
cancer: Results from the adaptively

randomized I-SPY2 trial

Pusztai, L., et al. - - Durvalumab+
chemotherapy

2020

Effect of pembrolizumab plus
neoadjuvant chemotherapy on

pathologic complete response in
women with early-stage breast cancer

an analysis of the ongoing phase
2 adaptively randomized I-SPY2 trial

Nanda, R., et al. NCT01042379 - Pembrolizumab+
chemotherapy

3.2. Risk of Bias Assessment

The risk of bias assessment is summarized in Table 2. We found there was a low bias
of selection and outcome. For randomization and deviations, two studies, Pusztai 2021 and
Nanda 2020, were considered as high risk. Because the primary aims of the included studies
were not related to adverse events, collection of information on adverse events was mainly
from online. Thus, we deemed Pusztai et al.’s study [31] at high risk of bias with regard to
measurement of the outcome, since its data were from the article.

3.3. Meta-Analysis Results
3.3.1. Meta-Analysis Results with Serious Adverse Events

The overall incidences of serious adverse events are shown in Figure 2a. In particular,
the most common serious adverse events were neutropenia (3.15%, 95% CI: 0.66–13.72%),
fatigue (2.50%, 95% CI: 1.22–5.05%), and anemia (2.16%, 95% CI: 0.70–6.45%), followed by
adrenal insufficiency (1.70%, 95% CI: 0.50–5.61%) and alanine aminotransferase (ALT) eleva-
tion (1.47%, 95% CI: 0.60–3.60%). The incidences of serious immune-related adverse events
were lower than 1%, including pneumonitis (0.76%, 95% CI: 0.42–1.38%), hypothyroidism
(0.38%, 95% CI: 0.18–0.79%), and hyperthyroidism (0.21%, 95% CI: 0.08–0.57%).
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Table 2. Risk of bias assessment of included studies.

Study Randomization
Process

Deviations from
Intended

Interventions

Missing
Outcome Data

Measurement of
the Outcome

Selection of the
Reported Result

Emens, L.A., 2021 [23] low low low low low

Winer, E.P., 2021 [27] low low low low low

Loibl, S., 2019 [32] unclear low low low low

Cescon, D., 2020 [25] low low low low low

Schmid, P., 2020 [29] low low low low low

Miles, D., 2021 [24] low low low low low

Mittendorf, E., 2020 [30] low low low low low

Pusztai, L., 2021 [31] unclear high unclear high low

Nanda, R., 2020 [28] unclear high unclear low low
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Seven studies reported serious pneumonitis and integrated data showed that PD-
1 or PD-L1 inhibitors combined with chemotherapy increased the risk of pneumonitis
(OR = 2.52, 95% CI: 1.02–6.26), as is shown in Figure 3. There was no heterogeneity (I2 = 2%)
in the overall meta-analysis. When we separated the PD-1 inhibitors and PD-L1 inhibitors,
the results in subgroups were not significant. Four studies reported serious hypothyroidism,
from which we found that the PD-1 or PD-L1 inhibitors had higher risk than chemotherapy
(OR = 5.92, 95% CI: 1.22–28.86), especially in the subgroup with PD-1 combined with
chemotherapy (see Figure S1). Figure 4 illustrates that the ALT elevation had a higher
incidence rate in the group using PD-1 or PD-L1 inhibitors than in the chemotherapy group
(OR = 1.66, 95% CI: 1.12–2.45). Subgroup analysis indicated that the PD-1 inhibitors group
had a higher risk of ALT elevation (OR = 1.63, 95% CI: 1.06–2.52). Figure S2 shows that
adrenal insufficiency also showed a significantly higher risk in PD-1 or PD-L1 inhibitors
group compared to the chemotherapy group (OR = 18.81, 95% CI: 3.42–103.40).
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3.3.2. Meta-Analysis Results with Non-Serious Adverse Events

Figure 2b summarizes the results of non-serious adverse events. The most frequent
general adverse events were nausea (49.70%, 95% CI: 35.90–63.55%), fatigue (49.10%,
95% CI: 30.24–68.21%), anemia (34.74%, 95% CI: 19.91–53.28%), diarrhea (32.77%,
95% CI: 21.25–46.81%), headache (25.14%, 95% CI: 16.72–35.97%), and arthralgia (24.88%,
95% CI: 13.87–40.52%).

As is shown in Figure 5, patients treated with PD-1 or PD-L1 inhibitors were more
likely to experience hypothyroidism (OR = 3.63, 95% CI: 2.92–4.51). This trend was
clear in both PD-1 groups (OR = 5.74, 95% CI: 1.48–22.20) and PD-L1 groups (OR = 3.85,
95% CI: 2.72–5.44). Compared with patients treated in the control arms, those treated with
PD-1 or PD-L1 inhibitors were at higher risk of AST elevation (OR =1.26, 95% CI: 1.02–1.57,
see Figure S3). Further analysis showed that there was no report of AST elevation
in PD-1 groups. Patients in PD-L1 groups were prone to AST elevation (OR = 1.30,
95% CI: 1.03–1.65). Figures 6 and S4 show that patients were more likely to report pruritus
(OR = 1.84, 95% CI: 1.30–2.59) and rash (OR = 1.29, 95% CI: 1.08–1.55) in treatment arms
compared with patients in the control arms. Figure S5 demonstrates that PD-L1 combined
with chemotherapy groups were at increased risk of fever (OR = 2.04, 95% CI: 1.33–3.14)
than the control group.
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4. Discussion

Although PD-1 or PD-L1 drugs are widely used in lung cancer and melanoma, research
on their impacts on triple-negative breast cancer, a refractory breast tumor, is still very
limited, as is research on their safety. Several meta-analysis results showed that PD-1
or PD-L1 inhibitors plus chemotherapy prolonged the progression-free survival in the
neoadjuvant and adjuvant settings when treating TNBC patients [20,33,34]. In this meta-
analysis, we first explored the incidence of adverse events in TNBC patients through
the proportion meta-analysis method, and then conducted a traditional meta-analysis to
compare the risk of different adverse events between the PD-1 or PD-L1 inhibitors group
and the chemotherapy group. We found that, for serious adverse events, neutropenia
had the highest incidence, followed by fatigue and anemia. This was consistent with the
results from Zhou et al. showing that the common treatment-related adverse events in
PD-1 or PD-L1 inhibitors and chemotherapy combination was anemia (45.4%) of all-grade
adverse events and neutropenia (19.6%) of grade 3 or higher [21]. The difference is that our
meta-analysis did not show any significant results in blood-related adverse events such as
neutropenia and anemia. From the results of Keynote-119, the pembrolizumab group had
less frequent anemia and neutropenia [27]. In our analysis, eight out of the nine studies
used PD-1 or PD-L1 inhibitors combined with chemotherapy for TNBC patients, indicating
that the blood toxicity may have been mainly related to chemotherapy.

The most common adverse events were related to digestive reactions, such as nau-
sea (49.7%), diarrhea (32.8%), constipation (23.2%), and vomiting (21.4%). Previous
studies have suggested that gastrointestinal-tract-related reactions are the most com-
mon all-grade adverse events with anti-PD-1/PD-L1 agents [35,36]. However, our meta-
analysis showed that there were no significant results of gastrointestinal reactions (nausea:
OR = 1, 95% CI: 0.78–1.29; diarrhea: OR = 1.04, 95% CI: 0.63–1.72; constipation: OR = 1.03,
95% CI: 0.88–1.21;) upon comparing the PD-1 or PD-L1 groups with chemotherapy groups.
Doctors should also pay attention to these less severe adverse events and take precautions,
since they could affect patient quality of life.
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Among the immune-related adverse events, the incidences of the most serious adverse
events were very low (less than 1%). For non-serious adverse events, the most common
one was arthralgia (24.9%), followed by ALT elevation (18.1%), AST elevation (17.9%),
rash (17.6%), and pruritus (15.7%). Previous clinical trials have reported high incidence of
immune-related adverse events, up to 58.7% in Impassion130 [23–25,27]. In our analysis,
pneumonitis, hypothyroidism and hyperthyroidism were less common, but they were more
likely to be severe. Compared with chemotherapy, PD-1 or PD-L1 inhibitors had more
risk of serious pneumonitis and hypothyroidism, which are similar results to the meta-
analyses by Zhang et al. and Wang et al. [33,34]. In the tumor microenvironment, tumor
immune escape is related to the role of PD-1/PD-L1 and T lymphocytes [37]. Therefore,
immune checkpoint inhibition therapy could affect the balance between autoimmunity and
immunity, and thus enhance the activity of the immune system and attack tumor cells [38].
These immune-related adverse events may be due to the immunosuppressive effect of the
drugs and should be treated seriously [39].

It is worth noting that, among the serious immune-related adverse events, adrenal in-
sufficiency (1.7%) was very common and the incidence of non-serious adrenal insufficiency
was 1.1%. In a study by Wang et al., the incidence of all-grade adverse events was 0.69%,
but they did not distinguish between cancer types [22]. In addition, the risk of adrenal
insufficiency was significantly higher in the PD-1 or PD-L1 groups than in the chemother-
apy groups. Adrenal insufficiency may have a great influence on patient metabolism [36].
Due to diagnostic techniques, doctors may not notice adrenal insufficiency, leading to low
incidence rates [40]. Once patients are diagnosed with adrenal insufficiency, it can be so
serious that hospitalization is required [41]. Thus, for future TNBC patients treated with
PD-1 or PD-L1 inhibitors, adrenal insufficiency should be taken into more consideration.

We performed subgroup analysis of PD-1 and PD-L1 inhibitors. Apart from one study
which used PD-1 inhibitors alone, other studies all combined PD-1 or PD-L1 inhibitors
with chemotherapy. The overall trends of adverse events were consistent between the
PD-1 group and the PD-L1 group, though the data were limited and some adverse events
may not have been reported in some studies. Sonpavde et al.’s study showed that the
incidence of grade 3 or higher adverse events was higher in the PD-1 inhibitors group
compared with PD-L1 inhibitors [42]. Campelo et al. found that PD-L1 inhibitors were
associated with a lower risk of adverse events that led to treatment discontinuation than
PD-1 inhibitors [43]. The use of PD-1 or PD-L1 inhibitors significantly increased the risk of
serious immune-related adverse events in this study [43], but the incidences were very low.
Meanwhile, the risk of non-serious adverse events did not increase. Considering its efficacy,
we consider the safety of PD-1 or PD-L1 inhibitors as acceptable. However, adverse events
were not the primary outcome of the included studies. We cannot avoid incomplete data
reports even if we extract the data from the clinical trial registration website [44]. More
research on PD-1 or PD-L1 inhibitors in TNBC patients is needed.

The limitations of our study are as follows. First, we used adverse event data from
clinicaltrial.gov. For those studies that had no data on this website, we extracted data from
their published articles. Heterogeneity may arise from these different data sources [45].
Second, we only included II/III randomized clinical trials in our meta-analysis. The
number of studies was still limited. In the future, to investigate the safety of PD-1 or
PD-L1 Inhibitors more comprehensively, some observational studies such as cohort studies
may also be considered. Third, we did not distinguish between chemotherapy regimens,
doses of PD-1 or PD-L1 inhibitors, patient age, etc. Lastly, because the incidence of serious
adverse events was usually very low, regular meta-analysis approaches were not applicable,
which leads to the challenge of rare event modeling [46]. In this study, we adopted the Peto
method to tackle this problem. Other meta-analysis methods for rare events may also be
applicable to this study.
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5. Conclusions

Compared to the treatment of chemotherapy alone, PD-1 or PD-L1 inhibitors com-
bined with chemotherapy significantly increased the risk of immune-related adverse events
in TNBC patients, including serious pneumonitis, hypothyroidism, and adrenal insuf-
ficiency, but the incidences were relatively low. For practical treatment using PD-1 or
PD-L1 inhibitors in TNBC, serious adverse events, such as serious pneumonitis, hypothy-
roidism, ALT elevation, and adrenal insufficiency, should be considered and monitored.
Non-serious adverse events, such as AST elevation, rash, and fever, should also be taken
into consideration.
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Abstract: We are exposed to a mixture of environmental man-made and natural xenobiotics. We expe-
rience a wide spectrum of environmental exposure in our lifetime, including the effects of xenobiotics
on gametogenesis and gametes that undergo fertilization as the starting point of individual develop-
ment and, moreover, in utero exposure, which can itself cause the first somatic or germline mutation
necessary for breast cancer (BC) initiation. Most xenobiotics are metabolized or/and bioaccumulate
and biomagnify in our tissues and cells, including breast tissues, so the xenobiotic metabolism plays
an important role in BC initiation and progression. Many considerations necessitate a more valuable
explanation regarding the molecular mechanisms of action of xenobiotics which act as genotoxic and
epigenetic carcinogens. Thus, exposomics and the exposome concept are based on the diversity and
range of exposures to physical factors, synthetic chemicals, dietary components, and psychosocial
stressors, as well as their associated biologic processes and molecular pathways. Existing evidence for
BC risk (BCR) suggests that food-borne chemical carcinogens, air pollution, ionizing radiation, and
socioeconomic status are closely related to breast carcinogenesis. The aim of this review was to depict
the dynamics and kinetics of several xenobiotics involved in BC development, emphasizing the role of
new omics fields related to BC exposomics, such as environmental toxicogenomics, epigenomics and
interactomics, metagenomics, nutrigenomics, nutriproteomics, and nutrimiRomics. We are mainly
focused on food and nutrition, as well as endocrine-disrupting chemicals (EDCs), involved in BC
development. Overall, cell and tissue accumulation and xenobiotic metabolism or biotransformation
can lead to modifications in breast tissue composition and breast cell morphology, DNA damage
and genomic instability, epimutations, RNA-mediated and extracellular vesicle effects, aberrant
blood methylation, stimulation of epithelial–mesenchymal transition (EMT), disruption of cell–cell
junctions, reorganization of the actin cytoskeleton, metabolic reprogramming, and overexpression
of mesenchymal genes. Moreover, the metabolism of xenobiotics into BC cells impacts almost all
known carcinogenic pathways. Conversely, in our food, there are many bioactive compounds with
anti-cancer potential, exerting pro-apoptotic roles, inhibiting cell cycle progression and proliferation,
migration, invasion, DNA damage, and cell stress conditions. We can conclude that exposomics has a
high potential to demonstrate how environmental exposure to xenobiotics acts as a double-edged
sword, promoting or suppressing tumorigenesis in BC.

Keywords: breast cancer (BC); exposomics; xenobiotics; breast cancer risk (BCR); biologic pathways

1. Introduction

The aim of this review is to deepen our understanding of the study of breast cancer
as an ”environmental disease”, using an exposomics-based hypothesis sustaining that BC
is an “ecological disorder” [1–3]. We are what we eat [4–8], we are what we breathe [9],
and we are what we live in [10]. This means that food-borne chemicals, all air, soil,
and water pollutants; drugs and drug-related metabolites; different types of radiation;
aflatoxins; nanoparticles; noise; and many other environmental factors act, individually
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or synergistically, as genetic and epigenetic carcinogens, in association with inheritance,
disparities, reproductive life, age at exposure, and socioeconomic status, which can also
increase BCR [11]. Many studies concluded that cumulative environmental exposure and
lifestyle factors account for 70% to 95% of risk factors that drive the BC incidence rate [12],
whereas only 10% to 30% of chronic disease risk can be explained by individual genomic
landscape [13]. The effects of different types of environmental exposure on BC development,
recurrence, overall survival, or treatment resistance [14–16] have been reviewed by many
authors. Some studies suggest that even climate change will affect women’s cancers [17].
Cell/mobile phone or smartphone use can result in increased BCR, due to the emission
of radiofrequency energy that is absorbed by human tissues situated in the proximity,
including breast tissue [18]. Many occupational habits, such as heat or night-light exposure,
as well as dysregulation of the circadian rhythm, can result in moderate or increased
BCR [19,20]. Hair dyes [21], cigarette smoking [22,23], radiofrequency radiation [24],
laptops, tablets, and other devices [25], hormone-based treatments [26,27], residential and
road traffic noise [28,29], and dust [30] were significantly associated with tumorigenesis
and invasive BCR. Last but not least, oncogenic viruses have an important role in BC
initiation and development [31].

Exposomics is a modern exposome analysis that characterizes all exposures in an
untargeted and comprehensive manner [13]. Thus, the exposome concept is based on the
diversity of exposures to physical factors, synthetic chemicals, dietary components, and
psychosocial stressors, as well as their associated biological responses [32]. More than
two decades ago, Ziegler et al. (1997) reported that BC incidence rates were 4–7 times
higher in the United States compared to China and Japan; moreover, when Japanese,
Chinese, or Filipino women migrate to the United States, their BCR rates increase over
several generations, becoming almost similar with the BCR among American whites [33].
Many studies emphasize that the BCR is elevated compared to countries of origin, mainly
due to the exposure to a Western lifestyle [33]. It is known that exposure to a Western
diet is a risk factor for the development and maintenance of chronic and systemic tissue
inflammation associated with reprogramming of innate immune cells [34]. This lifestyle-
associated inflammation is an important cause of multiple cancers, including BC [35].
Recently, the concept of “metaflammation” was used to describe a crosstalk between
immune and metabolic pathways that connect obesity to metabolic syndrome (MetS),
chronic inflammation, and insulin resistance [36]. It is well-known that MetS is more
prevalent in BC patients and is an independent risk factor or predictor for BC [37–39].

Consequently, numerous exogenous risk factors influence the growth, proliferation,
and differentiation of breast tissue and BC development. A total of 50% of all cancers in
women are hormonally mediated, with both estrogen and androgen playing key roles in ini-
tiation and BC development [40]. Of all xenobiotic classes, we chose to detail in this review
EDCs and food components that can interact with endocrine receptors (ERs) to disturb
the normal hormonal equilibrium in BC cells [41]. EDCs can be also ingested with food,
so increasing and convincing evidence associates food and food-based dietary patterns
with BCR [42]. Moreover, other food components that act as mutagens [43] can be involved
in nutritional regulation of the mammary tumor microenvironment (TME) [44], and also
impact growth and proliferation of cancer cells [45]. Conversely, food can contain many
bioactive compounds with anti-BC potential, exerting a pro-apoptotic role and inhibiting
cell cycle progression/cancer cell proliferation, migration, invasion, DNA damage, and cell
stress conditions.

It is known that EDC exposure could elevate BCR [46]. Most studies assessed environ-
mental EDC exposure, which includes pesticides, plasticizers, pharmaceutical agents, per-
sonal care products, food products, and food packaging, via biomarker measurements [46],
so that hundreds of EDCs have been assessed as entering human breast tissue from a
wide range of environmental sources, enabling all the hallmarks of cancer to develop in
human BC cells [47]. Furthermore, diets comprising energy-dense and nutrient-poor foods
have been associated with an increased BCR [48]. Food and food-related/dietary habits,
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including excessive alcohol use [49], deregulate many signals and metabolic pathways that
stimulate the epithelial–mesenchymal transition (EMT), oxidative stress, and reactive oxy-
gen species [50]; dioxin contamination [51], sweetened and highly processed coffee [52] and
food [53], meat [54], sweetened drinks [55], EDCs [56], polycyclic aromatic hydrocarbons
(PAHs) [57] present in our food, and an inadequate water/liquid daily intake [58] were
significantly correlated with carcinogenesis and invasive BC.

Study of absorption, distribution, metabolism/biotransformation, excretion/elimination,
and toxicity (ADME-Tox), as well as the bioaccumulation and biomagnification of xeno-
biotics in cells and liquid or solid tissues emphasize complex interactions with different
structures of the human body, such as cellular components (i.e., membranes and proteins),
molecular pathways, biological processes, and intra-/extracellular environments [59]. Several
exposomics-related omics have been developed as a consequence of advances in molecular sci-
ences and analytical techniques based on high-throughput sequencing and mass spectrometry
(MS). Thus, environmental toxicogenomics, epigenomics, and interactomics, metagenomics,
nutrigenomics and nutriproteomics, micromiRomics, and nutrimiRomics are several new
omics fields related with BC exposomics and are involved in molecular characterization of the
complex relationship between the human body, environmental exposure, and breast cancer.

2. Advances and Trends in Omics Fields Related to BC Exposomics

Advances in molecular approaches and analytical techniques based on high-throughput
sequencing and mass spectrometry (MS) have generated multi-omics data that can be suc-
cessfully used to understand the underlying molecular mechanisms involved in BC expo-
somics [60]. BC is mainly caused by mutations in multiple oncogenes and tumor suppressor
genes, accompanying epigenetic aberrations of genes and protein pathways [61]. Thus,
first of all, environmental toxicogenomics aims to collect, analyze, and interpret data on
the changes in genes or protein expression, resulting from exposure to xenobiotics, using
high-throughput technologies [62]. Evidence suggests that various pollutants, such as partic-
ulate matter involved in air pollution, act as carcinogenic factors in humans, inducing high
rates of genomic instability [63], which is known as an initiator of BC development [61]. In
addition, environmental epigenomics focuses on environmental factors that induce aberrant
DNA methylation of cancer-related genes, even in developing embryos, when result in
epigenetic mosaicism that can increase the oncogenic risk later in life [64]. Moreover, metage-
nomics, the study of genetic information of microorganisms present in an environment [65],
is involved in the assessment of the human microbiome as a biomarker that experiences long-
term exposure to numerous organic contaminants, known as xenobiotics [66]. Zhang et al.
(2028), using liquid chromatography MS-based global metabolomics coupled with targeted
metabolomics, demonstrated that the human microbiome can be significantly perturbed by
exposure to xenobiotic mixtures, resulting in dysbiosis and metabolite-modified profiles that
play an important role in the host’s health [66]. With regard to BC, it is well-known that
human microbiome-related disturbance may contribute to BC development by producing
toxins or promoting inflammation, while certain types of bacteria may have positive effects
against BC [67]. Recently, network biology techniques were used to identify xenobiotics
that target hub proteins in the human interactomes, mainly in disease-associated proteins
and contaminant-sensitive biomarkers [68], suggesting a new omics field, environmental
interactomics. To exemplify, Moslehi et al. (2021) confirmed the role of arsenic as an ED or
xenoestrogen involved in breast carcinogenesis, highlighting the complex arsenic-responsive
BC interactome [69]. Nutrigenetics studies the effects of nutrition at the gene level, while
nutrigenomics is focused on the effects of nutrients on the genome and transcriptome pat-
terns [70]. Thus, based on the complex interaction between food components and human
genome/proteome, nutrigenomics and nutriproteomics provide new opportunities for devel-
opment of personalized diets in patients at risk of developing BC [71].

Tissue or circulating microRNA (miRNA) can serve as a novel toxicological biomarker
involved in gene activation or suppression, being associated with several key epigenetic
mechanisms involved in xenobiotic toxicity [72–74]. miRNAs are also studied and validated
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as biomarkers for various diseases, as in the case of miR-423, which is highly expressed in
BC and promotes cancer cell proliferation, migration, and invasion by activating NF-κB
signaling [75,76]. Thus, miRomics is focused on the study of the role of miRNAs in a variety
of human diseases, including BC [73]. Evidence suggests that organic pollutant exposure,
like bisphenol A (BPA), can alter miRNA expression in response to toxicity [77]. Recently,
nutrimiRomics has been defined as a new omics field focused on the influence of diet
components on the dysregulation of gene expression due to epigenetic modification that
involves miRNAs, resulting in a higher risk for the development of chronic diseases [78].
Thus, Venkatadri et al. (2016) demonstrated that resveratrol, a dietary compound found
in a wide variety of plants, can inhibit BC progression by controlling miRNA, regulating
the expression of several proteins involved in apoptosis and the cell cycle [79]. These
authors emphasized the key role in BC cell death in response to resveratrol for miR-542-3p
in MCF7 cell line and miR-122-5p in MDA-MB-231 BC cells [79]. All these new omics
fields complement the traditional approach of genomics, proteomics, transcriptomics, and
metabolomics, in order to depict the complicated molecular mechanisms studied by BC
exposomics.

3. Absorption, Distribution, Metabolism/Biotransformation, Bioaccumulation, and
Excretion/Bioelimination of Xenobiotics Involved in Breast Cancer

Xenobiotics are substances that are foreign to the intrinsic metabolism of a biolog-
ical system that has the capacity to bioaccumulate or remove xenobiotics by xenobiotic
metabolism, which consists of the deactivation and excretion of xenobiotics and their
metabolites [80,81]. The human body is exposed to 1–3 million foreign chemical com-
pounds that form a cocktail/mixture of xenobiotics during a lifetime [82]. In BC, genotoxic
carcinogens include dietary or environmental xenobiotics—heterocyclic amines, aromatic
amines, PAHs, and nitropolycyclic aromatic hydrocarbons (NPAHs) [83]. Also, many
cytotoxic compounds used as anti-cancer drugs for chemotherapy can cause high levels
of DNA damage [84], undergo metabolic activation, and are subject to drug metabolism,
including uptake, efflux, and detoxification [85].

3.1. Absorption

Generally, environmental xenobiotics enter the human body through different ab-
sorption surfaces/barriers from input compartments: skin and its appendages, by topical
application and absorption, gastro-intestinal mucosa, by ingestion and absorption, and
the pulmonary alveolar–capillary membrane, by inhalation. To begin with, EDCs from
personal care products are easily absorbed by the skin into systemic circulation after topical
application, and can be detected in blood, urine, and breast milk [86,87]. However, Rylan-
der et al. (2019) concluded that intensive use of skin care products did not increase the
BCR [86]. On the other hand, 70–100% of patients receiving radiation therapy following BC
experienced radiation-induced skin toxicity [88] comparable to UV exposure, which was
associated with decreased postmenopausal BCR, due to higher circulating concentration
of a precursor to the active form of vitamin D [89]. In addition, the gut absorbs dietary
nutrients and provides a barrier to many xenobiotics and microbiome-derived metabolites,
so the intestinal epithelium becomes one of the most rapidly proliferating tissues in the
body, assuring a rapid and effective elimination of some xenobiotics that bioaccumulate
in enterocytes [90]. Consequently, the gastro-intestinal tract is also an important route by
which drugs, chemicals, pesticides, environmental pollutants, and metabolites of other
species are absorbed in the human body [91]. Last but not least, air pollution is known
as a human carcinogen, especially by gaseous components, as well as through particulate
matter, including fine, inhalable particles that can be vectors for radioactive isotopes [92,93].
Air polluting agents on their way to the bloodstream pass through the lung barriers [93].
White et al. (2022) showed that higher exposure to ambient particle radioactivity (PR-β)
was associated with an elevated risk of ER– BC [92]. Moreover, Smotherman et al. (2023)
found a positive association of particulate matter with postmenopausal BCR [94].
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3.2. Distribution

The distribution compartment, mainly represented by the systemic bloodstream, trans-
ports xenobiotics and their metabolites to all tissues and organs, so that blood is the most
used liquid biopsy for biomonitoring of xenobiotics, such as persistent organic pollutants
(POPs) [95]. From blood, xenobiotics/drugs enter cells, including breast epithelial cells
or different cell populations from their ECM or TME. Distribution in cells depend on the
chemical nature of xenobiotics, the binding to different receptors or exertion of effects
without cellular entry, or using membrane transporters that allow for their entry into the
intracellular compartment [85]. Moreover, Ish et al. (2023) showed that changes in breast
tissue composition may be a potential pathway by which outdoor air pollution impacts
BCR [96]. Thus, quantitative changes in the relative amount of fibro-glandular tissue
can represent a biomarker of BCR that can be used to emphasize the potential biologic
pathways underlying the association between environmental exposures and BC [96]. In
addition, Segovia-Mendoza et al. (2020) showed that the environmental bisphenols, BPA
and BBS, induce alteration of the proteomic landscape of different human BC cell lines [97].
After bisphenol exposure, vascular endothelial growth factor (VEGF) secretion, CD44, as a
biomarker of stemness, and metalloproteinase MMP-14, as a biomarker for invasion, were
overexpressed in ER+ BC cell lines, whereas the epidermal growth factor receptor (EGFR)
and transforming growth factor beta (TGF-β) were upregulated in ER– BC lines [97]. Over-
all, cell and tissue accumulation of xenobiotics, such as EDCs/POPs, could lead to cellular
DNA damage and genomic instability [98], epimutations induced by DNA methylation,
acetylation, histone posttranslational modifications (PTMs), RNA-mediated effects, and
extracellular vesicle effects [99], alteration of DNA methylation during adipocyte differenti-
ation [100] as well as blood methylation [101], epithelial–mesenchymal transition (EMT)
by formation of lamellipodia, disruption of cell–cell junctions, E-cadherin downregula-
tion, reorganization of the actin cytoskeleton in stress fibers as well as overexpression of
mesenchymal genes, such as vimentin and fibronectin [102,103], FOXA1 repression and
phosphorylation of ERK1/2, p48-MAPK, PI3K/AKT signaling in ER-BC cells [104], and
upregulation of Snail and Slug in MCF7 ER+ BC cell line [103].

3.3. Biotransformation/Metabolism

Many bioreactive compartments are involved in biotransformation and elimination of
xenobiotics. Consequently, many chemicals undergo metabolism and detoxification to pro-
duce various metabolites that can cause, in turn, harmful effects such as toxicity [105]. Xeno-
biotic metabolism and detoxification involve xenobiotic-metabolizing enzymes/proteins
that are mainly expressed in the liver, but some are also expressed in breast tissue, so that
intratumoral xenobiotics or metabolites generated in the liver can undergo further trans-
formation in the breast tissue [83,106]. Thus, many enzymes such as mammary-expressed
enzymes metabolically activate or detoxify potential genotoxic BC carcinogens, acting in
mammary lipid, nipple aspirate, breast milk, and mammary epithelial cells, where most
BCs originate [83]. Bieche et al. (2004) pointed out that the intratumoral dysregulation of
genes coding for major xenobiotic-metabolizing enzymes has a role in breast tumorigene-
sis and drug resistance; thus, N-acetyltransferase 1 (NAT1) was proposed as a candidate
biomarker for antiestrogen responsiveness [106]. These authors maintained that one-half of
the patients with ER+ BC fail to respond favorably to antiestrogen treatment with tamox-
ifen due to the altered tamoxifen metabolism or bioavailability following the intratumoral
alteration in expression of genes coding for xenobiotic-metabolizing enzymes. Moreover, it
is known that, in solid tumors, the extracellular and intracellular distribution of xenobiotics
and drugs presents a high degree of variability, and is controlled by drug/xenobiotic-
metabolizing enzymes (DXMEs) as well as cellular influx and efflux systems that transport
xenobiotics and drugs into and out of cells [107].
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3.4. Bioelimination/Excretion

The main routes of elimination of xenobiotics and their metabolites are renal excretion,
bile and fecal elimination, and pulmonary exhalation, but there are also secondary routes,
such as sweat, hair and nails, breast milk, and tears [105]. For example, cadmium was
detected at high concentration in BC tissue [108], as well as in the urine of patients with
BC, urinary Cd being correlated with the expression of hypoxia-inducible factor 1 alpha
(HIF1A) in BC tissues [109]. Other heavy metals, such as arsenic, chromium, lead, and
mercury are considered to be carcinogens or co-carcinogens and have been detected in
the urine of BC patients, even markedly increased [108]. Moreover, the environmental
exposure to these heavy metals could influence the urine level of metabolites, in association
with BC development [108]. Human breast milk, a specific breast secretion that reflects the
molecular landscape of the normal or pathological mammary gland, contains secretions of
the mother’s body, in which there are compounds bioaccumulated in her organism, such as
organic contaminants (polychlorinated biphenyls, brominated flame retardants, parabens,
bisphenols, and perfluoroalkyl and polyfluoroalkyl substances) as well as heavy metals,
mycotoxins, and pharmaceuticals residues [110]. Thus, many POPs, such as polychlorinated
dibenzo-p-dioxins (PCDDs), polychlorinated dibenzofurans (PCDFs), polychlorinated
biphenyls (PCBs), and organochlorine pesticides, such as DDT, have been detected in
human blood, adipose tissue, and breast milk and tend to become magnified in the food
chain over time; breastfeeding infants becoming the final target of POPs [111]. Moreover,
POPs have been correlated to an increased incidence of hormone-dependent BCs [112].

3.5. Bioaccumulation

Usually, many xenobiotics, such as POPs and heavy metals, bioaccumulate within
adipose tissue, considered to be widely contaminated with lipophilic xenobiotics in modern
society and, consequently, acting as a significant site of xenobiotic storage or sequestra-
tion [113]. Adipose tissue can play a protective role against xenobiotic effects, because
xenobiotic storage in fat can reduce the burden in other critical organs [114]. However,
female breast adipose tissue is abundant in and in close contact with epithelial cells, repre-
senting a major component of the BC TME, which contributes to the development, growth,
and invasion of tumor cells [115]. Weight loss and insulin resistance are involved in xeno-
biotic release from adipose tissue into bloodstream [114]. Heavy metals, one of the most
harmful classes of environmental compounds [116], also stimulate BC progression, exerting
a role of DNA methylation level in cancer cells [117]. Heavy metals are very difficult to
metabolize or decompose, and accumulate in all tissue and organs over the lifetime [116].
Evidence suggests that obese people accumulate more heavy metals compared to healthy
people [118]. Thus, cadmium, among other heavy metals, is a widely spread compound
that exerts estrogenic effects, acts as an endocrine disruptor, and accumulates in BC cells
over time [109].

4. Food and Nutrition

Dietary nutritional intake is a key environmental factor with a vital role in cancer pre-
vention and care [70]. One-third of cancers in Western high-income societies are associated
with food and nutrition, in correlation with physical activity [45], so that increasing and
convincing evidence associates food-based dietary patterns with BCR [42]. Thus, poor
nutrition and foods with a higher energy density have been associated with an increased
risk of obesity as well as BC [48,119]. Thus, Jacobs et al. (2021), analyzing dietary patterns
correlated to BCR in Black urban South African women, concluded that both traditional
and cereal–dairy-based meals may reduce the BCR in this population [48].

Overall, thirteen cancers, including BC, have been estimated to be associated with
obesity and are known as “obesity-associated cancers” [120]. The female breast is rich in
adipose tissue [121], so that, in postmenopausal women, the adipose tissue becomes a sig-
nificant source of estrogen, this obesity-associated estrogen likely playing an essential role
in BC growth, mainly in ER+ BC tumors [120]. Conversely, caloric restriction or intermittent
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fasting, a period of voluntary abstention from all food or specific food products [122], can
negatively impact BC development, reduce the treatment-induced adverse effects, cyto-
toxicity, and DNA damage, and increase optimal glycemic regulation, improving serum
glucose, insulin, and insulin-like growth factor 1 (IGF-1) levels [123]. Insulin and the IGF-1
pathway regulate lifespan and longevity [124]. IGF-1 is known as a potent mitogen of high
importance in the mammary gland that binds to the cognate receptor, IGF-1R, triggering a
signaling intracellular cascade, which increases the proliferative and anti-apoptotic path-
ways in cancer cells [125]. It is known that the Western diet, characterized by high intake of
hyperglycemic carbohydrates and insulinotropic dairy, stimulates IGF-1 signaling [124].
GH, IGF-1, and insulin have BC-promoting actions, due to increased IGF-1 levels, which
have been associated with increased BCR [124].

Food components may act as mutagens, such as N-nitroso-derivatives, polycyclic
aromatic hydrocarbons (PAHs), and heterocyclic aromatic amines [43], which can be in-
volved in nutritional regulation of the mammary tumor microenvironment (TME) [44],
and impact the growth and proliferation of cancer cells [45]. Nutritional stimuli modulate
interactions between different cell populations within the TME, such as immune cells,
adipocytes, vascular cells, and mammary epithelial and BC stem cells, so that both obesity,
a chronic over-nutritional condition, as well as excess caloric consumption, disrupt mam-
mary gland homeostasis and increase BCR [44,123]. EDCs has been reported in aquatic
macroinvertebrates, mussels and seawater or freshwater fish [126], pork, beef, and chicken
meat [127], vegetables [128], as well as in milk and dairy products [129]. Heavy metals, such
as cadmium, mercury, and lead, act as EDCs and bioaccumulate mainly in fish and seafood
products [130]. Fish product consumption acts as a double-edged sword. There are studies
that emphasize the protective effect of omega-3 fatty acid in fish consumption against
BC [131], while the human exposure to fat from milk, eggs, fish, and meat can enhance
mammary gland susceptibility to carcinogenesis [132]. Alcohol consumption has been
related to higher BCR, principally for estrogen receptor-positive (ER+) BCs [133], through
stimulation of migration and invasion of MCF7 human BC cells [133], EMT, angiogenesis,
OS and ROS production [49,50], decreasing E-cadherin, α, β, and γ catenin expression, as
well as BRCA1 tumor suppressor gene expression [133].

Fortunately, in our food, there are many bioactive compounds that are able to exert
an anti-cancer potential, re-inducing apoptosis or targeting multiple signaling pathways
that allow for cancer cell survival, proliferation, growth, and metastatic progression of BC
cells [134]. Many dietary compounds are also considered epigenetic modulating agents
in cancer [135]. Thus, both green or black tea, as well as green or dark coffee, have been
associated with a reduced BCR [136,137]. Chlorogenic acid (CGA) from coffee exerts an
inhibitory role on signaling pathways, such as NF-κB/EMT [138]. Epigallocatchin-3-gallate
from green tea significantly reduces BCR by decreasing ROS and oxidative DNA damage,
mutagenesis, and tumor progression [137]. Resveratrol from grapes, berries, and nuts can
reduce specific cancer stem cell (CSC) biomarkers in BC cells [139]. Piperine inhibits the
growth of human BC cells, cell cycle progression, and BC cell migration [140]. Carotenoids
have been associated with several metabolites involved in membrane signaling, immune
regulation, redox balance, and epigenetic regulation [141]. One of the most active com-
ponents of garlic (Allium sativum), allicin (diallylthiosulfinate), induces cell cycle arrest
and has pro-apoptotic effects in BC cells, through p53 pathway activation [142], exert-
ing antiproliferative, anticlonogenic, and senolytic effects, inducing the selective death of
senescent cells [143]. Last but not least, the omega-3 polyunsaturated fatty acids, eicosapen-
taenoic acid (EPA) and docosahexaenoic acid (DHA), decreased tumor cell proliferation by
downregulation of proliferation-associated protein expression (proliferating cell nuclear
antigen (PCNA) and proliferation-related kinase (PRK), induced apoptosis by increasing
caspase activity and DNA fragmentation, and decreased signal transduction through the
Akt/NF-κB cell survival pathway [144].
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5. Exposure to Endocrine-Disrupting Chemicals (EDCs)

EDCs are man-made chemicals ubiquitously found in the atmosphere as aerosols
and particulate matter [145], water [146], pesticides [147], metals such as cadmium (Cd),
mercury (Hg), arsenic (As), lead (Pb), manganese (Mn), and zinc (Zn) [148], additives
or contaminated food such as dairy products, fish, meat, eggs, and vegetables, bottled
water and canned food [149], and cosmetics and personal care products [150]. EDCs
arrive in the human body through ingestion, inhalation, and/or the transdermal route,
bioaccumulate, and interfere with endocrine, immune, and other systems, leading to a
disruption of the endocrine signaling and metabolic pathways, and inducing life-long
effects and negative consequences even for the next generation [151]. EDC exposure
also interferes with placental function [152], can interfere with gamete quality, embryo
implantation, and fetal development, with serious consequences for offspring viability
and health [153]. EDCs affect epigenetic markers such as DNA methylation and histone
posttranslational modifications (PTMs) [154]. In addition, EDCs increase incidence of
BC [151].

EDCs are heterogeneous natural or synthetic compounds that include pharmaceutical
agents (diethylstilbestrol (DES)), fungicides and pesticides (dichlorodiphenyltrichloroethane
(DDT)), plastics (bisphenol A (BPA)), plasticizers (phthalates), and industrial solvents/lubricants
(polychlorinated biphenyls (PCBs), polybrominated biphenyls (PBBs), and dioxins). Many
EDCs are persistent organic pollutants (POPs), known as lipophilic toxicants that persist in the
environment due to their resistance to biodegradation and, moreover, biomagnify or move up
the food webs and increase in concentration [113]. POPs affect the production of estrogens and
estrogenic signals, so that, measured in breast adipose tissue, POP levels were associated with
higher BCR and worse prognosis [112].

Several pathogenic effects of EDC exposure are presented in Table 1. Thus, BPA
stimulates the proliferation and malignancy of cancer cells through the activation of the
Wnt/β-catenin pathway [155], which is widely implicated in the pathogenesis of metastatic
BC [156]. Significant deregulated gene expression and transcriptional reprogramming in
adult fibroblasts exposed to in utero BPA and DES, and specifically, changes in extracellular
matrix (ECM) composition due to increased collagen deposition in adult mammary glands,
lead to molecular alterations, which develop over time and contribute to increased BCR in
adulthood [157]. Consequently, in utero exposure of the embryo to high maternal synthetic
estrogens/EDCs could be associated with an increased BCR later in life [158]. Thus, BC may
start in the womb, EDCs affecting the early development of mammary glands [159,160].

It is known that African Americans (AAs) are disproportionately exposed to elevated
levels of BPA, so that the urinary BPA level among Black adults and children are statistically
significantly higher compared to the non-Black population [161]. Recently, Zhang et al.
(2023) used a metabolomics-based approach based on both ultra-performance and high-
performance liquid chromatography tandem mass spectrometry (UPLC/HPLC-MS/MS)
and demonstrated a high connection between tetrabromobisphenol A (TBBPA), a bromi-
nated derivative of bisphenol A (BPA) that is extensively present in the environment, with
BC development [115]. In male and female rats and Rhesus monkey, low-dose exposure
to BPA can affect mammary gland development, resulting in significant alterations in
the gland morphology, inducing intraductal hyperplasia that could be associated with
an increased BCR [162,163]. The normal-like human breast epithelial cell line, MCF-10F,
after exposure to BPA, showed an increased expression of breast cancer genes BRCA1/2,
BRCA1 associated RING domain 1 (BARD1), choline transporter-like protein (CtlP), RAD51
recombinase (RAD51), and BRCA1/2-containing complex subunit 3 (BRCC3), which are
all involved in DNA repair, as well as the silencing of programmed cell death protein 5
(PDCD5) and Bcl-2-like 11 (BCL2L11 (BIM)), which are involved in apoptosis [164].

For example, the breasts are particularly susceptible to polycyclic aromatic hydrocar-
bons (PAHs) that can affect cell morphology, cell division, growth, and repair, cell–cell
junctions, and the number of p53 mutations [165]. Moreover, Korsh et al. (2015) investigated
the link between PAHs and BC based on the use of biomarkers in measuring PAH-DNA
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adducts to assess the exposure level [165]. Polychlorinated biphenyls (PCBs) are persistent
industrial pollutants that have been linked to BC progression [166]. Thus, many authors
concluded that early life exposure to PCBs is a factor of BCR [12,167,168]. The highly
reactive PCB metabolite, 2,3,5-trichloro-6-phenyl-[1,4]-benzoquinone (PCB29-pQ), induces
metastasis of BC and increases cancer stem cell (CSC) biomarker expression, resulting in an
increase in EMT in MDA-MB-231 BC cells; the Wnt/β-catenin pathway is also activated by
PCB29-pQ, due to overproduction of ROS [166]. Many authors concluded that early life
exposure to PCBs is a factor of BCR [12,167,168].

Phthalates, phenols, and parabens are considered non-persistent EDCs that have
been associated with BC [169]. Biomarker concentrations of non-persistent EDCs tend
to be higher among women than men, and among Black Americans compared to White
Americans, especially based on inconsistent access to healthy food or use of certain products
with higher concentration of phthalates, such hair relaxers and skin lightening topical
products, that specifically target Black consumers [169]. Some phthalates that mimic
estradiol may promote BC, as in the case of dibutyl phthalate (DBP) exposure, which is
associated with a two-fold increase in the rate of ER+ BC [170].

Parabens, such as methylparaben (MeP), ethylparaben (EtP), propylparaben (PrP), and
butylparaben (BuP), are a group of alkyl esters of the para-hydroxybenzoic acid esters [171]
that can mimic estrogen in the body [172]. These chemicals are used as broad-spectrum an-
timicrobial preservatives in lotions/creams, skin foundation, eye makeup products, deodor-
ants/perfumes, hair care products, shaving products, toothpastes, shampoos/conditioners,
pharmaceuticals, textiles, clothes, and processed foods [173,174]. Parabens are absorbed
by the dermal route or ingested and are systematically distributed and metabolized, being
detected in human normal and tumoral tissues [175], hair [176], blood [171], saliva [177],
breast milk [178,179], placenta [180], and urine [181]. Parabens can be found intact in the
human breast [175] and preferentially accumulate in metastatic breast tumors compared to
benign breast tumors [174]. Tapia et al. (2023) reported altered ER target gene expression
and cell viability that was paraben- and cell line-specific [172].

Table 1. Pathological effects of the exposure to ECDs.

EDCs Pathological Effects of EDC Exposure References

DES

in utero exposure dysregulates gene
expression and transcriptional

reprogramming in adult fibroblasts, ECM
composition and collagen deposition in

adult mammary gland, molecular
alteration develops over time and

contributes to increased BCR in
adulthood, induces epigenetic

alterations/epimutations with intergener-
ational/transgenerational effects

[157,182]

PAHs (BaP and DB(ah)A)

in mammary gland, affect cellular
morphology, cell-cell junctions, division,

growth, repair, and number of p53
mutations, increase EVs production,

changes in exosome content and gene
expression control

[99,165]
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Table 1. Cont.

EDCs Pathological Effects of EDC Exposure References

BPA and other bisphenols (AF, F, S)
and TBBPA

affect mammary gland development,
resulting in precancerous and cancerous

lesions in adulthood, exert estrogenic
effects, activate the expression of genes

associated with cell proliferation and BC;
associated with EMT and BC progression;

activate VEGF associated with
angiogenesis, MAPK signaling pathway,

Wnt/β-catenin pathway, STAT3
signaling, and DNA repair; induce
changes in genes associated with
apoptosis and DNA methylation;

inactivate p53; increase expression of
BRCA1/2, BARD1, CtlP, RAD51, and

BRCC3 involved in DNA repair;
downregulate PDCD5 and BCL2L11

involved in apoptosis

[103,155,162–164,183,184]

Phtalates (DBP)

mimic estradiol, interact with ER and PR,
promote BC, especially ER+ BC, interfere

with DNA methylation and
DNA damage

[170,185]

PCBs (PCB-153, PCB-180, PCB29-pQ)

BC cell proliferation by regulating
ERK1/2 activation; induce cancer cell

stemness and EMT via
Wnt/β-catenin signaling

[166,184]

Organochlorine insecticides (DDT)

increase in utero BCR, BC progression by
interfering with androgen signaling

pathways, BC cells proliferation, negative
effects on OS

[184,186]

Parabens (MeP, EtP, PrP, BuP) and
their metabolites

promote protumorigenic effects in BC;
modulate local estrogen-converting
enzymes and increase local estrogen

levels; cross-talk with HER2 pathway and
affect ER signaling to increase

pro-oncogenic c-Myc expression in
ER+/HER2+ BC cells; alter ER target

gene expression and cell viability

[172,173,181]

6. Conclusions

We are living in close interaction with a cocktail of man-made and natural xenobiotics.
We are experiencing a wide spectrum of exposure during our lifetime, including the effects
of xenobiotics on gametogenesis and gametes that undergo fertilization as the starting
point of individual development and, moreover, in utero exposure that can initiate BC
development. We are what we eat, we are what we breathe, and we are what we live.
Most xenobiotics are metabolized or/and bioaccumulate and biomagnify in our tissues
and cells, including breast tissues, so xenobiotic metabolism can play an important role in
BC initiation and progression. This review pointed out the main mechanisms involved in
the absorption, distribution, metabolism, bioaccumulation, biomagnification toxicity, and
excretion of xenobiotics associated with BC risk, incidence, mortality, initiation, and pro-
gression. This association necessitates more valuable explanations at the biomolecular level
to highlight the effects of genotoxic and epigenetic carcinogens. However, the accumulated
xenobiotics, including their metabolites that arise as a consequence of biotransformation
phases, such as heavy metals, endocrine-disrupting chemicals, or food contaminants, as
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well as a plethora of biomarkers of exposure, can be detected in breast tumoral tissues,
adipose tissue, hair, blood, saliva, breast milk, placenta, and urine. In BC tissue biopsies
and non-invasive liquid biopsies, xenobiotic exposure has been associated with changes in
breast tissue composition and breast cell morphology, genomic instability, DNA damage,
alteration of DNA repair, epimutations and epigenetic regulation, cell migration and in-
vasion, angiogenesis, anti-apoptosis, cell adhesion, and cytoskeletal rearrangements, OS
and ROS, metabolic reprogramming, immune regulation and metaflammation, membrane
transport and signaling, extracellular matrix (ECM) and tumor microenvironment (TME)
modifications, or extracellular vesicle (EV) production and content, with consequences
in intercellular communication. At a biologic pathway level, most xenobiotics interact
with endocrine signaling, adipogenesis, angiogenesis, DNA repair, inflammatory response,
IGF-1 and NF-κB signaling, epithelial–mesenchymal transition (EMT), Wnt/β-catenin
pathway, PI3K/Akt signaling, fatty acid metabolism (FAM) and glycolysis, MAPK, STAT3,
p53 pathway, MYC targets, xenobiotic metabolism, and other cancer-related pathways. For-
tunately, in our food, there are also many bioactive compounds with anti-tumor potential,
which re-induce apoptosis by activation of caspases or target multiple signaling pathways,
such as EMT migration-related pathway, Akt/NF-βB cell survival pathway, or p53 tumor
suppressor signaling, that allow for cell survival, proliferation, growth, and metastatic
progression of BC cells.

Consequently, BC can be characterized as an environmental disease or an ecological
disorder. Evidence for BC risk suggests that food-borne chemical carcinogens, air pollution,
ionizing radiation, and socioeconomic status are closely related to breast carcinogenesis.
Thus, exposomics and the exposome concept are based on the diversity and range of
exposures to physical factors, synthetic chemicals, dietary components, and psychosocial
stressors, as well as their associated biological responses. Advances in molecular sciences
and analytical techniques based on high-throughput sequencing and mass spectrometry
(MS) have generated multi-omics data that can be successfully used to understand the
complexity of molecular mechanisms involved in BC exposomics. Thus, environmental toxi-
cogenomics, epigenomics, and interactomics, as well as nutrigenomics and nutriproteomics,
metagenomics, micromiRomics, and nutrimiRomics are several new omics fields related
to BC exposomics, which can contribute to molecular characterization of the complex
relationship between the human body, environmental exposure, and breast cancer.
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Abstract: Background: Breast carcinoma with neuroendocrine features includes neuroendocrine
neoplasm of the breast and invasive breast cancer with neuroendocrine differentiation. This study
aimed to investigate the clinicopathological features and prognosis of this disease according to
the fifth edition of the World Health Organization classification of breast tumors. Materials and
Methods: A total of 87 patients with breast carcinoma with neuroendocrine features treated in
the First Medical Center, Chinese PLA General Hospital from January 2001 to January 2022 were
retrospectively enrolled in this study. Results: More than half of the patients were postmenopausal
patients, especially those with neuroendocrine neoplasm (62.96%). There were more patients with
human epidermal growth factor receptor 2 negative and hormone receptor positive tumors, and most
of them were Luminal B type (71.26%). The multivariate analysis showed that diabetes and stage IV
disease were related to the progression-free survival of breast carcinoma with neuroendocrine features
patients (p = 0.004 and p < 0.001, respectively). Conclusion: Breast carcinoma with neuroendocrine
features tended to be human epidermal growth factor receptor 2 negative and hormone receptor
positive tumors, most of them were Luminal B type, and the related factors of progression-free
survival were diabetes and stage IV disease.

Keywords: neuroendocrine tumors; breast neoplasms; prognosis

1. Introduction

Breast carcinoma with neuroendocrine features consists of a group of diseases with
high heterogeneity. It was reported that the incidence rate of breast carcinoma with neu-
roendocrine features ranged from 0.1% to 20% [1–3]. Breast carcinoma with neuroendocrine
features included neuroendocrine neoplasm (NEN) of the breast and invasive breast cancer
(IBC) with neuroendocrine differentiation. According to the latest World Health Organiza-
tion (WHO) classification of breast tumors, NEN was divided into neuroendocrine tumor
(NET) and neuroendocrine carcinoma (NEC) based on the degree of differentiation [3].
IBC with neuroendocrine differentiation was classed into breast carcinoma of no special
type and breast carcinoma of special types, such as solid papillary carcinoma and the
hypercellular subtype of mucinous carcinoma.

Since the third edition of the WHO classification of breast tumors was published, the
definition and classification of this disease had changed greatly in different editions. As a
result, there have been controversies surrounding the definition and classification of breast
carcinoma with neuroendocrine features. The diagnostic criteria for subjects included
in existing studies were not identical. As well, the research results were not completely
consistent or were even contradictory [4,5]. Further, due to the rarity of the disease, few
studies had been conducted, and those which have were mainly case reports [6–8]. At
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present, the treatment strategy of IBC of no special type is used directly in breast carcinoma
with neuroendocrine features. The general practice guidelines for breast carcinoma with
neuroendocrine features are still not formed. The TNM stage of breast carcinoma with
neuroendocrine features was defined by the eighth version of the America joint committee
on cancer staging systems [9]. According to the guidelines of the Chinese Society of
Clinical Oncology published in 2020 [10], the minimum positive threshold of estrogen
receptor (ER), progesterone receptor (PR), and Ki-67 are 1%, 1%, and 14%, respectively,
and human epidermal growth factor receptor 2 (Her-2) (3+) or ISH positivity meant Her-2
positivity. Breast carcinoma with neuroendocrine features was divided into Luminal A
(ER/PR positive, Her-2 negative with low Ki-67 index) disease, Luminal B (ER/PR positive,
Her-2 negative with high Ki-67 index, or ER/PR positive, Her-2 positive) disease, Her-2
positive (ER and PR negative, Her-2 positive) disease, and Triple-negative (ER, PR, and Her-
2 negative) disease according to molecular subtyping. To investigate the clinicopathological
features and prognosis of this disease under the fifth edition of the WHO classification of
breast tumors, we designed this study.

2. Materials and Methods
2.1. Study Groups

The data of 87 patients with breast carcinoma with neuroendocrine features treated in
the First Medical Center, Chinese PLA General Hospital from January 2001 to January 2022
were retrospectively collected. Patients with breast carcinoma derived from other organs
were excluded. Pregnant patients and patients who were breastfeeding were excluded as
well. There were no patients without definite pathological diagnosis or without complete
medical records. All procedures performed in this study involving human participants
were in accordance with the Declaration of Helsinki (as revised in 2013). The study was
approved by the ethics committee of the Chinese PLA General Hospital (NO.: S2022-746).
Individual consent for this retrospective analysis was waived.

2.2. Study Variables

General information on the patients was collected, such as age at diagnosis, gen-
der, laterality, smoking history, drinking history, body mass index (BMI), family history,
menopause status, hypertension, diabetes, hyperlipidemia, T stage, Her-2 status, Ki-67,
ER, PR, molecular typing, vessel carcinoma embolus, N stage, skin or chest wall invasion,
distant metastasis, and stage.

Unique clinical features of the patients were analyzed, including clinical symptoms
and history of thyroid diseases. Pathological characteristics of the patients were also
described, such as detailed classification, expression of neuroendocrine markers, and ductal
carcinoma in situ composition. The treatment strategy of the patients, such as neoadjuvant
chemotherapy, surgery, and adjuvant therapy, was discussed. All patients enrolled in
this study were followed up. The 5-year overall survival (OS), 5-year progression-free
survival (PFS), and 5-year disease-specific survival (DSS) of patients in the study group
were described. Finally, the factors related to 5-year PFS were analyzed.

2.3. Statistical Analysis

All statistical analyses of this study were performed using Stata Statistical Software
version 15.1 (StataCorp LLC, College Station, TX, USA). The measurement data were
described by median (inter-quartile range, IQR). Frequency was used to show the counting
data. Comparison of counting data between two groups was conducted by Pearson chi-
square test. Kruskal–Wallis H test was used to examine multiple comparisons of ranked
counting data between groups. Kaplan–Meier method was used in survival analysis, and
Log-rank test was used to compare different survival curves. Univariate and multivariate
analysis were performed using Cox model. A two-tailed p < 0.05 was considered statistically
significant, and all confidence intervals (CI) were expressed at 95% confidence level.
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3. Results
3.1. General Clinicopathological Characteristics

The median age at diagnosis of the patients in the study group was 53 (42–64) years
old. More than half of the patients were postmenopausal patients, especially those with
neuroendocrine neoplasm (62.96%). The proportion of patients with Her-2 negative and
hormone receptor (HR) positive tumors was high, and most of them were Luminal B type
(71.26% vs. 28.74%). Around 49.43% of the patients had stage II disease. There was no
difference between the NEN group and IBC with neuroendocrine differentiation group
except in diabetes when analyzing general characteristics (p = 0.039) (Table 1).

Table 1. General clinicopathological characteristics of breast carcinoma with neuroendocrine fea-
tures patients.

Category Breast Carcinoma with
Neuroendocrine Features (n = 87) (%)

NEN Group IBC with Neuroendocrine
Differentiation (n = 58) (%)

p Value
(n = 29) (%)

Age at diagnosis (years)
0.875≤60 55 (63.22%) 18 (62.07%) 37 (63.79%)

>60 32 (36.78%) 11 (37.93%) 21 (36.21%)
Gender

0.109Female 85 (97.7%) 27 (93.10%) 58 (100.00%)
Male 2 (2.30%) 2 (2.30%) 0 (0.00%)

Laterality
0.129Left 44 (50.57%) 18 (62.07%) 26 (44.83%)

Right 43 (49.43%) 11 (37.93%) 32 (55.17%)
Smoking history

1Yes 2 (2.30%) 1 (3.45%) 1 (1.72%)
No 85 (97.70%) 28 (96.55%) 57 (98.28%)

Drinking history
0.333Yes 1 (1.15%) 1 (3.45%) 0 (0.00%)

No 86 (98.85%) 28 (96.55%) 58 (100.00%)
BMI (kg/m2)

0.128≥24 47 (54.02%) 19 (65.52%) 28 (48.28%)
<24 40 (45.98%) 10 (34.48%) 30 (51.72%)

Family history
1Yes 1 (1.15%) 0 (0.00%) 1 (1.72%)

No 86 (98.85%) 29 (100.00%) 57 (98.28%)
Menopausal status a

0.332Yes 47 (55.29%) 17 (62.96%) 30 (51.72%)
No 38 (44.71%) 10 (37.04%) 28 (48.28%)

Hypertension
0.492Yes 23 (26.44%) 9 (31.03%) 14 (24.14%)

No 64 (73.56%) 20 (68.97%) 44 (75.86%)
Diabetes

0.039Yes 7 (8.05%) 5 (17.24%) 2 (3.45%)
No 80 (91.95%) 24 (82.76%) 56 (96.55%)

Hyperlipidemia
0.368Yes 20 (22.99%) 5 (17.24%) 15 (25.86%)

No 67 (77.01%) 24 (82.76%) 43 (74.14%)
T stage (AJCC 8th)

0.2
1 45 (51.72%) 18 (62.07%) 27 (46.55%)
2 35 (40.23%) 9 (31.03%) 26 (44.83%)
3 7 (8.05%) 2 (6.90%) 5 (8.62%)
4 0 (0.00%) 0 (0.00%) 0 (0.00%)

Her-2 status
0.323Positive 11 (12.64%) 2 (6.90%) 9 (15.52%)

Negative 76 (87.36%) 27 (93.10%) 49 (84.48%)
Ki-67

0.229Positive 72 (82.76%) 22 (75.86%) 50 (86.21%)
Negative 15 (17.24%) 7 (24.14%) 8 (13.79%)

ER
0.857Positive 67 (77.01%) 22 (75.86%) 45 (77.59%)

Negative 20 (22.99%) 7 (24.14%) 13 (22.41%)
PR

0.434Positive 71 (81.61%) 25 (86.21%) 46 (79.31%)
Negative 16 (18.39%) 4 (13.79%) 12 (20.69%)

Molecular typing (CSCO
2020)

0.494Luminal A 13 (14.94%) 5 (17.24%) 8 (13.79%)
Luminal B 62 (71.26%) 21 (72.41%) 41 (70.69%)
Her-2 positive 1 (1.15%) 0 (0.00%) 1 (1.72%)
Triple negative 11 (12.64%) 3 (10.34%) 8 (13.79%)

Vessel carcinoma embolus
0.702Yes 17 (19.54%) 5 (17.24%) 12 (20.69%)

No 70 (80.46%) 24 (82.76%) 46 (79.31%)
N stage (AJCC 8th)

0.549
0 53 (60.92%) 19 (65.52%) 34 (58.62%)
1 18 (20.69%) 5 (17.24%) 13 (22.41%)
2 14 (16.09%) 5 (17.24%) 9 (15.52%)
3 2 (2.30%) 0 (0.00%) 2 (3.45%)
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Table 1. Cont.

Category Breast Carcinoma with
Neuroendocrine Features (n = 87) (%)

NEN Group IBC with Neuroendocrine
Differentiation (n = 58) (%)

p Value
(n = 29) (%)

Skin or chest wall invasion
—Yes 0 (0.00%) 0 (0.00%) 0 (0.00%)

No 87 (100.00%) 29 (100.00%) 58 (100.00%)
Distant metastasis

0.55Yes 2 (2.30%) 0 (0.00%) 2 (3.45%)
No 85 (97.70%) 29 (100.00%) 56 (96.55%)

Stage (AJCC 8th)

0.577
I 26 (29.88%) 11 (37.93%) 15 (25.86%)
II 43 (49.43%) 11 (37.93%) 32 (55.17%)
III 16 (18.39%) 7 (24.14%) 9 (15.52%)
IV 2 (2.30%) 0 (0.00%) 2 (3.45%)

BMI: body mass index; ER: estrogen receptor; PR: progesterone receptor. Her-2: human epidermal growth factor
receptor 2; IBC: invasive breast cancer; AJCC 8th: The eighth version of America joint committee on cancer staging
system; CSCO 2020: The guidelines of Chinese Society of Clinical Oncology in 2020. a There were two male breast
cancer patients in the study group.

3.2. Special Clinicopathological Features of Breast Carcinoma with Neuroendocrine Features
Patients

A total of 22.99% of patients had clinical symptoms such as pain, nipple discharge, or
both. About 21.84% of patients were complicated, with thyroid diseases such as thyroid
nodule, diffuse thyroid disease, and thyroid cancer. A total of 34 patients with lymph
node metastasis all had axillary lymph node metastasis, two cases also had supraclavicular
lymph node metastasis, and one case had subclavian lymph node metastasis at the same
time (Table 2).

Table 2. Supplement of part clinical features of breast carcinoma with neuroendocrine features patients.

Category n = 87

Clinical symptoms
Yes 20 (22.99%)

Pain 14
Nipple discharge 5
Nipple discharge with pain 1
Paraneoplastic symptoms 0

No 67 (77.01%)
Thyroid diseases

Yes 19 (21.84%)
Thyroid nodule 15
Diffuse thyroid disease 3
Thyroid cancer 1

No 68 (78.16%)
Lymph node metastasis

Yes 34 (39.08%) a

Axillary lymph node metastasis 34
Supraclavicular lymph node metastasis 2
Subclavian lymph node metastasis 1

No 53 (60.92%)
a One patient had axillary lymph node metastasis, supraclavicular lymph node metastasis, and subclavian lymph
node metastasis at the same time. One patient had axillary lymph node metastasis and supraclavicular lymph
node metastasis at the same time.

A total of 87 cases with breast carcinoma with neuroendocrine features were classified
into 29 cases of NEN and 58 cases of IBC with neuroendocrine differentiation (Table 3).
After H and E staining and immunohistochemical staining, some tumor cells showed
typical positive synaptophysin (Syn) and Chromogranin (CgA) staining (Figure 1). There
were also some cases that had CD56+ tumors and neuron-specific enolase (NSE)+ tumors
(Table 3).
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Table 3. Supplement of part pathological characteristics of breast carcinoma with neuroendocrine
features patients.

Category n = 87

Classification
NEN 29 (33.34%)

NET 26
Simple type 21
Mixed type 5

NEC 3
Small cell carcinoma 1
Large cell carcinoma 1
Mixed type 1

IBC with neuroendocrine differentiation 58 (66.66%)
IBC of no special type

Invasive ductal carcinoma 50
IBC of special type

Solid papillary carcinoma 2
Invasive papillary carcinoma 1
Type B mucinous carcinoma 1

Mixed type 4
Neuroendocrine markers

Syn
0 3 (3.45%)
1+ 76 (87.35%)
2+ 4 (4.60%)
3+ 4 (4.60%)

CgA
0 10 (11.49%)
1+ 11 (12.64%)
2+ 25 (28.74%)
3+ 2 (2.30%)
NK 39 (44.83%)

CD56
0 11 (12.64%)
1+ 26 (29.88%)
2+ 42 (48.28%)
3+ 1 (1.15%)
NK 7 (8.05%)

NSE
0 1 (1.15%)
1+ 7 (8.05%)
2+ 2 (2.30%)
3+ 1 (1.15%)
NK 76 (87.35%)

Ductal carcinoma in situ composition
Yes 29 (33.33%)
No 58 (66.67%)

NEN: neuroendocrine neoplasm; NET: neuroendocrine tumor; NEC: neuroendocrine carcinoma; IBC: invasive
breast cancer; Syn: synaptophysin; CgA: chromogranin A; NSE: neuron-specific enolase; NK: not known.
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Lymph node metastasis  

Yes 34 (39.08%) a 
Axillary lymph node metastasis 34 
Supraclavicular lymph node metastasis 2 
Subclavian lymph node metastasis 1 

No 53 (60.92%) 
a One patient had axillary lymph node metastasis, supraclavicular lymph node metastasis, and sub-
clavian lymph node metastasis at the same time. One patient had axillary lymph node metastasis 
and supraclavicular lymph node metastasis at the same time. 

A total of 87 cases with breast carcinoma with neuroendocrine features were classi-
fied into 29 cases of NEN and 58 cases of IBC with neuroendocrine differentiation (Table 
3). After H and E staining and immunohistochemical staining, some tumor cells showed 
typical positive synaptophysin (Syn) and Chromogranin (CgA) staining (Figure 1). There 
were also some cases that had CD56+ tumors and neuron-specific enolase (NSE)+ tumors 
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Figure 1. Morphological and immunohistochemical features. (a). H and E staining of NEC of the 
breast (×200); (b) positive immunostaining for chromogranin A of NEC of the breast (×200); (c) pos-
itive immunostaining for synaptophysin of NEC of the breast (×200); (d) H and E staining of no 

Figure 1. Morphological and immunohistochemical features. (a). H and E staining of NEC of
the breast (×200); (b) positive immunostaining for chromogranin A of NEC of the breast (×200);
(c) positive immunostaining for synaptophysin of NEC of the breast (×200); (d) H and E staining
of no special type IBC with neuroendocrine differentiation (×200); (e) positive immunostaining
for chromogranin A of no special type IBC with neuroendocrine differentiation (×200); (f) positive
immunostaining for synaptophysin of no special type IBC with neuroendocrine differentiation (×200).
NEC: neuroendocrine carcinoma; IBC: invasive breast cancer; H and E staining: Hematoxylin and
Eosin staining.

3.3. Treatment and Follow-Up of Breast Carcinoma with Neuroendocrine Features Patients

Only 7 out of 87 patients received neoadjuvant chemotherapy. All patients received
surgical treatment of the breast and/or axillary lymph node. There were 75 cases that
underwent mastectomy, while the rest of the patients underwent breast-conserving surgery
or nipple-areola complex-sparing mastectomy. As for adjuvant therapy, 81.61% of pa-
tients received chemotherapy, 31.03% of patients received radiotherapy, 73.56% of patients
received endocrine therapy, and only 9.20% of patients received targeted therapy after
surgery (Table 4).

Table 4. Treatment strategy of breast carcinoma with neuroendocrine features patients.

Category n = 87

Neoadjuvant chemotherapy
Yes 7 (8.05%)
No 80 (91.95%)

Surgery treatment
Breast

Mastectomy 75 (86.20%)
BCS 8 (9.20%)
NSM 3 (3.45%)
None a 1 (1.15%)

Axillary lymph node
SLNB 19 (21.84%)
ALND 67 (77.01%)
None b 1 (1.15%)

Adjuvant therapy
Chemotherapy

Yes 71 (81.61%)
No 16 (18.39%)

Radiotherapy
Yes 27 (31.03%)
No 60 (68.97%)

Endocrine therapy
Yes 64 (73.56%)
No 23 (26.44)

Targeted therapy
Yes 8 (9.20%)
No 79 (90.80%)

BCS: breast conserving surgery; NSM: nipple-areola complex sparing mastectomy; SLNB: sentinel lymph node
biopsy; ALND: axillary lymph node dissection. a One patient had occult breast cancer, receiving ALND only.
b One patient who was elderly received breast surgery only.

139



Life 2023, 13, 532

A total of 87 patients were followed up, and 2 patients dropped out. The median
follow-up time was 57 (25–74) months. During the follow-up period, local recurrence
involving the breast, axilla, or chest wall occurred in five cases. There were 12 cases
recorded of distant metastasis including bone, lung, liver, brain, retroperitoneal lymph
node, and contralateral axillary lymph node. Eight cases died, six of them died of breast
cancer and two died of other causes (Table 5).

Table 5. Local recurrence, distant metastasis, and mortality of breast carcinoma with neuroendocrine
features patients.

Category n = 85 a

Local recurrence 5 (5.88%)
Breast 1
Chest wall 3
Axilla 1

Distant metastasis 12 (14.14%)
Bone 4
Lung 6
Liver 2
Brain 3
Retroperitoneal lymph node 1
Contralateral axillary lymph node 2

Death 8 (9.41%)
Breast cancer 6
Other causes 2

Follow-up time (months, IQR) 57 (25–74)
IQR: inter-quartile range. a There were 87 patients totally, and two patients dropped out.

3.4. Kaplan-Meier Survival Analysis of Breast Carcinoma with Neuroendocrine Features Patients

The five-year PFS, five-year DSS, and five-year OS of all of the patients were 81.19%
(95%CI: 0.6964–0.8869), 91.53% (95%CI: 0.8022–0.9651), and 90.25% (95%CI: 0.7901–0.9564),
respectively. No significant differences were found in the five-year PFS, five-year DSS,
and five-year OS between NEN and IBC with neuroendocrine differentiation (p > 0.05)
(Figures 2–4).
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Figure 2. Progression-free survival of breast carcinoma with neuroendocrine features patients (group
1: neuroendocrine neoplasm patients; group 2: invasive breast cancer with neuroendocrine dif-
ferentiation patients). (a) Progression-free survival of all breast carcinoma with neuroendocrine
features patients; (b) progression-free survival of grouped breast carcinoma with neuroendocrine
features patients.
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Figure 3. Disease-specific survival of breast carcinoma with neuroendocrine features patients (group
1: neuroendocrine neoplasm patients; group 2: invasive breast cancer with neuroendocrine dif-
ferentiation patients). (a) Disease-specific survival of all breast carcinoma with neuroendocrine
features patients; (b) disease-specific survival of grouped breast carcinoma with neuroendocrine
features patients.
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Figure 4. Overall survival of breast carcinoma with neuroendocrine features patients (group 1:
neuroendocrine neoplasm patients; group 2: invasive breast cancer with neuroendocrine differenti-
ation patients). (a) Overall survival of all breast carcinoma with neuroendocrine features patients;
(b) overall survival of grouped breast carcinoma with neuroendocrine features patients.

3.5. Univariate Analysis of PFS in Breast Carcinoma with Neuroendocrine Features Patients

The results of the univariate analysis of PFS showed that smoking history, diabetes,
Her-2 positive disease, N3 stage disease, distant metastasis, and targeted therapy were
related to the progression-free survival of breast carcinoma in neuroendocrine features
patients (p = 0.038, p = 0.008, p = 0.003, p < 0.001, p < 0.001; p = 0.004, respectively).
The results of Her-2 status and family history slightly missed the margin of significance
(p = 0.097 and p = 0.092, respectively) (Table 6).
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Table 6. Univariate analysis of PFS in breast carcinoma with neuroendocrine features patients.

Variable HR (95% CI) p Value

Age (year)
>60 1
≤60 0.9670 (0.3566–2.6224) 0.947

Gender
Female 1
Male 1.6943 (0.2138–13.4258) 0.618

Laterality
Right 1
Left 0.4458 (0.1587–1.2522) 0.125

Smoking history
No 1
Yes 9.1939 (1.1251–75.1266) 0.038

Drinking history
No 1
Yes — 1

BMI (kg/m2)
<24 1
≥24 1.2394 (0.4535–3.3873) 0.676

Family history
No 1
Yes 5.8103 (0.7485–45.1052) 0.092

Menopausal status
No 1
Yes 0.7091 (0.2629–1.9125) 0.497

Hypertension
No 1
Yes 0.8888 (0.2882–2.7409) 0.837

Diabetes
No 1
Yes 4.8491 (1.5089–15.5837) 0.008

Hyperlipidemia
No 1
Yes 1.1692 (0.3771–3.6253) 0.787

T stage
1 1
2 1.6177 (0.5770–4.5348) 0.36
3 1.5048 (0.3172–7.1392) 0.607

Her-2 status
Negative 1
Positive 2.6226 (0.8390–8.1975) 0.097

Ki-67
Negative 1
Positive 1.1088 (0.3391–3.6256) 0.864

ER
Positive 1
Negative 1.6555 (0.5819–4.7100) 0.345

PR 1
Positive 1.6112 (0.5242–4.9525)
Negative 0.405

Molecular typing
Luminal A 1
Luminal B 1.7925 (0.3694–8.6984) 0.469
Her-2 positive 72.1912 (4.4462–1172.1380) 0.003
Triple negative 2.3484 (0.3846–14.3384) 0.355

Vessel carcinoma embolus
No 1
Yes 0.4462 (0.1013–1.9650) 0.286

N stage
0 1
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Table 6. Cont.

Variable HR (95% CI) p Value

1 1.6375 (0.5346–5.0153) 0.388
2 0.9315 (0.1976–4.3919) 0.929
3 150.1349 (12.6995–1774.9190) <0.001

Skin or chest wall invasion
No 1
Yes — —

Distant metastasis
No 1
Yes 133.1195 (11.7712–1505.4410) <0.001

Stage
I 1
II 2.4426 (0.6494–9.1871) 0.186
III 1.5589 (0.3132–7.7588) 0.588
IV 243.9231 (17.2429–3450.6020) <0.001

Classification
IBC with neuroendocrine

differentiation 1

NEN 0.9300 (0.3073–2.8146) 0.898
Neoadjuvant chemotherapy

Yes 1
No 0.4378 (0.1241–1.5447) 0.199

Breast treatment
Mastectomy 1
BCS 1.1105 (0.2508–4.9179) 0.89
NSM 1.1265 (0.1455–8.7217) 0.909

Axillary lymph node
treatment

ALND 1
SLNB 0.6931 (0.1972–2.4355) 0.568

Chemotherapy
Yes 1
No 2.1270 (0.7460–6.0646) 0.158

Radiotherapy
Yes 1
No 1.1213 (0.4000–3.1428) 0.828

Endocrine therapy
Yes 1
No 1.4339 (0.5213–3.9437) 0.485

Targeted therapy
Yes 1
No 0.1838 (0.0579–0.5840) 0.004

BMI: body mass index; ER: estrogen receptor; PR: progesterone receptor. Her-2: human epidermal growth factor
receptor 2; NEN: neuroendocrine neoplasm; IBC: invasive breast cancer; BCS: breast conserving surgery; NSM:
nipple-areola complex sparing mastectomy; SLNB: sentinel lymph node biopsy; ALND: axillary lymph node
dissection; PFS: progression-free survival; HR: hazard ratio; CI: confidence interval.

3.6. Multivariate Analysis of PFS in Breast Carcinoma with Neuroendocrine Features Patients

The results of the multivariate analysis of PFS showed that diabetes and stage IV
disease were related to the progression-free survival of breast carcinoma in neuroendocrine
features patients (p = 0.004 and p < 0.001, respectively). The result of targeted therapy
showed a barely detectable statistical significance (p = 0.051) (Table 7).
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Table 7. Multivariate analysis of PFS in breast carcinoma in neuroendocrine features patients.

Variable HR (95%CI) p Value

Smoking history
No 1
Yes — 1

Diabetes
No 1
Yes 7.2526 (1.8874–27.8691) 0.004

Molecular typing
Luminal A 1
Luminal B 0.8695 (0.1472–5.1356) 0.877
Her-2 positive — —
Triple negative 1.5148 (0.2420–9.4801) 0.657

Stage
I 1
II 1.9789 (0.5132–7.6316) 0.322
III 0.8796 (0.1515–5.1080) 0.886
IV 2.44 × 1019 (5.72 × 1017–1.04 × 1021) <0.001

Targeted therapy
Yes 1
No 1.7777 (0.0313–1.0085) 0.051

PFS: progression-free survival; HR: hazard ratio; CI: confidence interval.

4. Discussion

Breast carcinoma with neuroendocrine features is a group of heterogeneous tumors.
Its definitions and diagnostic criteria have varied with the revisions of the WHO classifi-
cation of breast tumors. As a result, the results of some studies on the clinicopathological
characteristics of this disease have been controversial for a long time. Breast carcinoma with
neuroendocrine features is a group of tumors that exhibit morphological features similar
to those of neuroendocrine tumors of the gastrointestinal tract and lung [11]. Before 2003,
there were no criteria for the definition and diagnosis of this disease. With the further study
of breast carcinoma, the consensus on breast carcinoma with neuroendocrine features has
gradually been formed. The third version of the WHO criteria of breast tumors defined it as
>50% tumor cells with neuroendocrine differentiation confirmed by immunohistochemical
staining [12]. From then on, it was recognized as single breast carcinoma entities named
“neuroendocrine breast carcinomas”. In 2012, the WHO classification used the category of
“carcinoma with neuroendocrine features” and described this disease as tumors expressing
neuroendocrine markers to any extent [13]. It included well-differentiated NET, poorly
differentiated NEC, and carcinoma with neuroendocrine differentiation. In this version,
small cell neuroendocrine carcinoma (SCNEC) was brought into the NEC group. The cur-
rent WHO classification adopted the term “NEN”, including well-differentiated (NET) and
poorly-differentiated (NEC) tumors with predominant neuroendocrine differentiation [3].
The main distinction between the latest classification and the past version is that carcinoma
with neuroendocrine differentiation without distinct or uniform enough neuroendocrine
histological features and neuroendocrine marker expression is no longer classified as NET
or NEC. In this version, large cell neuroendocrine carcinoma (LCNEC) was classified into
NEC as well. All the criteria mentioned above are used for the classification of primary
breast carcinoma with neuroendocrine features; however, before a diagnosis of primary
NEN is made, the possibility of metastasis from other organs should be carefully ruled out.
Immunohistochemistry staining is conducive to distinction between NEN derived from
other organs from invasive mammary carcinoma with neuroendocrine features [14]. This
study only discussed primary breast carcinoma with neuroendocrine features.

The results of the previous studies in different periods were different or even con-
tradictory. Previous studies found that most patients were 50 years old or older [15,16],
and that the clinical symptoms of this disease were mainly bloody nipple discharge [16],
which was consistent with the results of this study. NEN can be divided into functional
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and non-functional tumors according to whether the tumor has hormone activity, and most
NENs are non-functional. Functional NEN produces excessive hormones, leading to clinical
symptoms such as diarrhea and facial flushing. Non-functional NENs do not produce
enough hormones to cause these symptoms [17]. Paraneoplastic endocrine syndrome may
occur in breast cancer with or without neuroendocrine differentiation [18]. There were few
reports on paraneoplastic endocrine syndrome related to breast neuroendocrine tumors.
One case with hyperprolactinemia was reported in the previous literature [19]. Studies
have illustrated that patients often had ER/PR positive and Her-2 negative tumors [5,20],
supporting this study. Another study found that neuroendocrine differentiation was more
common in Luminal B breast cancer [21], which is consistent with the results of this study.
However, among them, Her-2 positive patients were rare, only occasionally seen in case
reports [22]. Research showed that breast carcinoma with neuroendocrine features was
highly aggressive, with a high rate of local recurrence and distant metastasis, and a poor
prognosis [5]. A study has also shown that its general clinical characteristics are not dif-
ferent from other breast cancers, and its biological behavior was not aggressive; on the
contrary, it tended to be an independent good-prognosis subgroup [20].

Morphologically, the typical features of the lung/gastrointestinal tract NET, such
as ribbons, cords, and rosettes, are not prominent in the breast NET; histological and
immunohistochemical features of breast NEC are sometimes difficult to distinguish from
lung NEC features [23]. CgA, Syn, NSE, and CD56 were neuroendocrine differentiation
markers for breast carcinoma with neuroendocrine features [4]. It has been reported that
only 23% of patients were detected with Syn+ and CgA+ at the same time [15]. The
expression level of neuroendocrine markers in tumor tissues of patients in this study was
also not high. There were significant differences in cytological characteristics between
focal and diffuse neuroendocrine differentiated breast carcinomas [24]. However, when
breast cancer of no special type with focal neuroendocrine differentiation was regarded
as a separate entity, focal neuroendocrine differentiation had no obvious significance for
its prognosis [15,25]. In this study, there was no difference between NEN and IBC with
neuroendocrine differentiation in five-year OS, five-year DSS, and five-year PFS.

SCNEC was classified into NEC in 2012 and LCNEC was brought into NEC in 2019. A
study indicated that approximately half of these patients had triple-negative breast cancer,
with a 61.6% five-year DSS rate and 47.7% five-year OS rate [26]. Chemotherapy, surgery,
and stage were predictive factors of prognosis. In this study, there was only one case of pure
SCNEC and pure LCNEC, respectively, accounting for a relatively low proportion. The
special type of breast cancer with neuroendocrine differentiation was rare. According to one
study, half of the invasive solid papillary carcinomas were accompanied by neuroendocrine
differentiation [7]. In this study, there were four cases of a special type of breast cancer with
neuroendocrine differentiation, including two cases of solid papillary carcinoma, one case
of invasive papillary carcinoma, and one case of type B mucinous carcinoma.

A study reported that the five-year OS and disease-free survival rates of HR positive/Her-
2 negative breast cancer were 93.0% and 92.6%, respectively [27]. The PFS of breast carcinoma
with neuroendocrine features was lower than that of the same molecular typing of breast
cancer of no special type [28], which was consistent with the results of this study. The overall
five-year PFS of patients in this study was 82.37% (95%CI: 0.7084–0.8966), five-year DSS was
91.53% (95%CI: 0.8022–0.9651), and five-year OS was 90.25% (95%CI: 0.7901–0.9564). The
study of neoadjuvant therapy for this disease has been limited. In this study, there were
seven patients receiving neoadjuvant chemotherapy, and none of them reached a pathological
complete response. A study found that endocrine therapy or radiotherapy might improve
the prognosis [5]. It was suggested that HR positive NEN patients receive endocrine ther-
apy, especially those with SCNEC with recurrence and metastasis [29]. Endocrine therapy
was also found to be effective for liver metastasis of breast cancer with neuroendocrine dif-
ferentiation [6]. However, surgery was still the main treatment method, and the effect of
chemotherapy on prognosis was still uncertain [16].
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This study also analyzed the related factors of PFS. A study found that the prognostic
factors of NEN of the breast were similar to those of gastrointestinal tract tumors [30],
among which lymph node metastasis was an adverse factor of OS [5]. A previous study
found that histological grade, pathological stage, ER status, and HER2 status were indepen-
dent prognostic indicators of OS and disease-free survival [31]. The results of this study
showed that diabetes and stage IV disease were related to the PFS of breast carcinoma with
neuroendocrine features patients. The influence of diabetes on the PFS of this disease may
be related to higher BMI, and there is a lack of relevant research at present.

Limitations

This study was a retrospective study, and the sample size was relatively insufficient.
We failed to compare this disease with other types of breast cancer because of lacking a
control group. In addition, this study did not describe its imaging characteristics. Because
of the rarity of this disease, there was a gap between the length of follow-up time of
the patients.

5. Conclusions

Breast carcinoma with neuroendocrine features is relatively rare compared with other
types of breast cancer. In this study, it was illustrated that this disease tended to be
HR+/Her-2- tumor. In addition, diabetes and stage IV were related to the PFS of patients.
These results may provide evidence for the treatment and prognosis prediction of breast
carcinoma with neuroendocrine features. Further studies such as large-sample randomized
clinical trials are needed to validate the theoretical value and practical significance of these
findings and improve understanding of this disease.
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Abstract: (1) Importance of problem: Breast cancer accounted for 685,000 deaths globally in 2020, and
half of all cases occur in women with no specific risk factor besides gender and age group. During the
last four decades, we have seen a 40% reduction in age-standardized breast cancer mortality and have
also witnessed a reduction in the medium age at diagnosis, which in turn means that the number
of mastectomies performed for younger women increased, raising the need for adequate breast
reconstructive surgery. Advances in oncological treatment have made it possible to limit the extent of
what represents radical surgery for breast cancer, yet in the past decade, we have seen a marked trend
toward mastectomies in breast-conserving surgery-eligible patients. Prophylactic mastectomies have
also registered an upward trend. This trend together with new uses for breast reconstruction like
chest feminization in transgender patients has increased the need for breast reconstruction surgery.
(2) Purpose: The purpose of this study is to analyze the types of reconstructive procedures, their
indications, their limitations, their functional results, and their safety profiles when used during the
integrated treatment plan of the oncologic patient. (3) Methods: We conducted an extensive literature
review of the main reconstructive techniques, especially the autologous procedures; summarized
the findings; and presented a few cases from our own experience for exemplification of the usage
of breast reconstruction in oncologic patients. (4) Conclusions: Breast reconstruction has become
a necessary step in the treatment of most breast cancers, and many reconstructive techniques are
now routinely practiced. Microsurgical techniques are considered the “gold standard”, but they
are not accessible to all services, from a technical or financial point of view, so pediculated flaps
remain the safe and reliable option, along with alloplastic procedures, to improve the quality of life
of these patients.

Keywords: breast reconstruction; reconstruction following mastectomy; prophylactic mastectomy;
chest feminization; transgender; implant reconstruction of breast; immediate reconstruction; delayed
reconstruction; two-stage breast reconstruction; autologous breast reconstruction
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1. Introduction

Breast cancer accounted for 685,000 deaths globally in 2020, and half of all cases occur
in women with no specific risk factor besides gender and age group. During the last four
decades, we have seen a 40% reduction in age-standardized breast cancer mortality [1] and
have also witnessed a reduction in the medium age at diagnosis, which in turn means that
the number of mastectomies performed for younger women increased, raising the need
for adequate breast reconstructive surgery. Advances in oncological treatment have made
it possible to limit the extent of what represents radical surgery for breast cancer, yet in
the past decade, we have seen a marked trend toward mastectomies in breast-conserving
surgery-eligible patients [2]. Prophylactic mastectomies have also registered an upward
trend [3,4]. This trend together with new uses for breast reconstruction like chest feminiza-
tion in transgender patients [5] has increased the need for breast reconstruction surgery.

Breast cancer is the most commonly diagnosed neoplasm in the female population in
the world [6]. It is the leading cause of cancer-related death in women in most countries
of the world, except in developed countries, where it ranks second after lung tumors.
However, mortality has been steadily declining for over 30 years, with an average 5-year
survival of 86% and 75% at 10 years [7]. This trend is attributed both to the increase in the
effectiveness of oncological treatments and to early screenings and screening programs
similar to those for other neoplastic diseases [8,9].

Breast reconstruction is an important component of breast cancer treatment. With the
increase in life expectancy, it has become essential to ensure a good quality of life for patients,
forcing a continuous evolution of surgical techniques. Breast reconstruction is necessary
not only after performing a modified radical mastectomy, but also after conservative
interventions on the breast that have not been accompanied by an optimal aesthetic effect.
The need to complete the surgical treatment of breast cancer with breast reconstruction
derives from the beneficial impact at the psychological level, respectively, for the body
image, sexuality, and general quality of life of patients [10]. In recent years, the ever-
increasing number of patients opting for prophylactic mastectomies due to a genetic
predisposition for developing breast cancer or a family history of cancer [3,4,11–13] has
given birth to a new type of integrated treatment plan in oncology. Changes in guidelines,
prompting the genetic testing of BRCA mutations and the availability of those tests even
in the absence of an oncologist’s recommendation, have determined an increase in the
number of women getting tested and then opting for a contralateral or bilateral prophylactic
mastectomy. A good example for this trend is the Angelina Jolie effect on the Western
population; following the known actress’s double prophylactic mastectomy, there was a
noticeable increase in the number of healthy women requesting this procedure and having
it performed.

Although it is not the focus of this study, breast reconstruction has had another
extremely important purpose in recent years, namely, for the chest feminization of male-
to-female transgender patients. In combination with hormone and psychological therapy,
breast enhancement is the most common physical modification in this populational sub-
set [5,14–16], contributing to a reduction in the patient’s dysphoria. For this purpose, all
surgical reconstructive techniques used in patients with mastectomies can be employed.

This study reviews the main techniques, especially the autologous and mixed pro-
cedures, and investigates available data from the literature, indicating their indications
and results.

2. Problem at Hand
2.1. Dimension of Problem

Breast cancer accounted for 685,000 deaths globally in 2020, and half of all cases occur
in women with no specific risk factor. During last four decades, we have seen a 40%
reduction in age-standardized breast cancer mortality [1], but we have also witnessed
the reduction in the medium age at diagnosis, which in turn means that the number of
mastectomies performed for younger women increased, raising the need for adequate
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reconstructive surgery. Breast cancer is the most prevalent form of cancer in the world,
with a total of 7.8 million women alive in 2020 who were diagnosed with a form of this
malady in the previous 5-year period [1]. Advances in oncological treatment, which have
prolonged patients’ survivorship after breast cancer, have also made it possible to limit
the extent of what represents radical surgery for breast cancer, yet in the past decade, we
have seen a marked trend toward mastectomy in breast-conserving surgery (BCS)-eligible
patients [2]. Prophylactic mastectomy has also registered an upward trend [3,4]. This
trend, together with new indications for breast reconstruction like chest feminization in
transgender patients [5,14,16] or the need to resolve the asymmetry of the contralateral
breast [17–19], have increased the need for breast reconstruction surgery.

2.2. Mastectomy vs. Breast-Conserving Surgery

Many breast cancer patients elect to have a radical mastectomy, rather than a con-
servative surgical procedure, even though they are perfect candidates for BCS, and some
long-term studies have suggested a slightly more favorable outcome of lumpectomies
associated with radiotherapy vs. mastectomies [20], maintaining the high frequency of
mastectomies. Patients opting for mastectomies over BCS usually do not choose by taking
into account the histology, localization, or aggressiveness of the tumor, but rather more
subjective reasons like a lack of trust that BCS can offer the same likelihood of cure as a more
extensive procedure [21] or fear of additional procedures. The surgeon’s recommendation
is a key factor in the decision-making process, but it is overshadowed by the patient’s fear
of cancer [22].

In recent years, an increase in mastectomy rates in early-stage breast cancer patients
was observed. The reasons for which patients tend to select a more aggressive proce-
dure when breast-conserving surgery is an option are unclear and include, besides a
so-called “peace-of-mind” and a more laxed surveillance schedule, the easy access to re-
constructive surgery and the patient’s confidence in the aesthetic results of reconstructive
techniques [23].

2.3. Lymphadenectomy and Sentinel-Lymph Node Biopsy

Radical surgery for breast cancer comprises the excision of the tumor (mastectomy or
various breast-conserving techniques) and a procedure addressed to the axillary lymph
nodes (inferior lymphadenectomy, extensive lymphadenectomy, or identification and
excision of the sentinel lymph nodes using radioactive material or intravital dyes like
Indocyanine green or Methylene Blue). The extension of the excision of the lymphatic tissue
can influence the results of the reconstruction of the breast in both immediate and delayed
settings by increasing the number of complications. Complete axillary lymph node dissec-
tion has a more pronounced effect when compared to that of a limited lymphadenectomy
of a sentinel lymph node excision and is associated with a greater probability of implant
loss independent of the associated radiotherapy [24,25]. There are studies that proved
that the excision of each node increases the risk of reconstructive surgery complications
by 4% [25]. The same study concluded that the removal of four or more lymph nodes
can adversely affect the immediate reconstructive procedure by seroma formation or even
implant loss [25]. However, the complications after immediate reconstruction of the breast
are associated with the use of implants. For this reason, in patients requiring axillary
lymph node dissection, the oncoplastic surgeon should offer the autologous methods of
reconstruction [24].

Half of the patients with mastectomies for breast cancer elect to undergo reconstruc-
tive surgery [26,27] due to aesthetic considerations and an improved quality of life [28–31]
through reduced body dysmorphia. Yet, following reconstruction, many patients expe-
rience sequelae like functional limitations of the upper limb (strength and mobility) and
pain [31–33]. Axillary lymphadenectomy can cause neurological syndromes like pain,
paresthesia, and limitations of mobility after reconstructive surgery. This effect can be
reduced by preserving the sensitive nerves during the lymphadenectomy [34].
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2.4. Impact of Radiotherapy in Surgical Options and Results

After reconstructive surgery, radiation therapy may affect the aspect of the operated
breast, including the altered skin color and rigidity. It can also lead to capsular contraction,
which mandates the removal of the implant. Patients undergoing radiation therapy after
reconstructive surgery need to be advised about the possibility of additional corrective
surgery [35].

2.5. Quality of Life following Surgery for Breast Cancer

After mastectomies, patients report a significant alteration of their quality of life
(QoL) through a series of mechanisms: body dysmorphia affecting both emotional and
sexual functioning, especially in younger patients [36]; pain and limited mobility in the
ipsilateral upper limb; and psychological effects like negative emotions such as sadness,
low mood, and dejection [37]. Although there is a significant reduction in the alteration
of QoL following immediate breast reconstruction, many women tend to underestimate
the impact of the mastectomy and to be overly optimistic about the impact of reconstruc-
tive surgery, and a significant proportion of them (up to 20% in some studies) come to
regret breast reconstruction [36,38]. This particular aspect needs to be taken into account
when discussing breast reconstruction with the patients in order to make sure they have
realistic expectations.

When discussing QoL in patients who underwent mastectomies, we cannot leave out
the problems caused by breast asymmetry, especially in large breasts, leading to alterations
of the skeletal system (like scoliosis). Asymmetry of the breasts can occur even in patients
with reconstructive surgery after their mastectomy if the procedure was unilateral and
performed with implants. The remaining breast tends to be more ptotic, resulting in
undesired aesthetic effects and causing the patient to request corrective surgery of the
contralateral breast.

2.6. Oncologic Follow-Up and Results after Reconstructive Surgery

Breast reconstruction surgery is a safe procedure from the oncological point of view,
regardless of using an autologous or implant-based method for reconstruction and regard-
less of an immediate or delayed timing of the procedure [39], and it does not increase
the local or systemic recurrence rates nor disease-free and overall survival [40,41]. The
type of reconstructive surgery after a mastectomy does not influence the recurrence rate
independently of the aggressive histology of the tumor [42], lymphatic invasion, and the
positive resection margins [43].

Another safety concern after breast reconstruction following a modified radical mas-
tectomy is the possibility of the detection of recurrence, since autologous tissue below
the skin flap may interfere with the detection of recurrent nodules, and fatty necrosis can
confuse the diagnosis [44,45]. Recurrence after reconstructive surgery using implants may
be challenging to detect beneath the implant [46]. A thicker skin flap (over 1.5 cm) may
interfere with the detection of a palpable mass upon examination, and an extremely slim
skin flap (under 0.5 cm), although conducive to an early clinical detection of recurrence,
is more prone to necrosis of the flap. A delicate balance needs to be achieved, and in our
opinion, a 1 cm thickness of the skin flap is optimal. Lastly, in order to minimize the risk
of flap necrosis, techniques using Indocyanine green may be employed for assessing the
perfusion of the flap used for breast reconstruction [47].

3. Breast Reconstruction
3.1. Timing of Breast Reconstruction—Immediate or Delayed

Breast reconstruction is classified by the type and time of surgery. Immediate re-
construction takes place at the same time as the mastectomy, and secondary (or delayed)
reconstruction is performed from a few months to several years after the mastectomy.
Currently, it is performed at least three months after the end of radiotherapy and generally
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at about a year after the mastectomy [48]. The two main types of reconstruction are with
implants or autologous tissue; they can also be used together in mixed procedures.

Immediate breast reconstruction (Figure 1) has certain benefits over the secondary
one, especially in terms of patient satisfaction, quality of life, and psychological status
post-mastectomy [49]. These patients are relatively more protected from the psychological
effects of mastectomies, and studies have shown a stable evolution of quality of life and
satisfaction of this group compared to patients receiving delayed reconstruction [50,51].
In the latter case, the quality of life is significantly improved with the reconstructive
procedures, with the results ultimately being equalized in the long run [52]. Also, after
the immediate reconstruction, a more natural and aesthetic result is obtained, with the
intervention usually being associated with a skin-sparing mastectomy which respects the
inframammary groove and keeps the skin intact, proven safe from the oncological point of
view by a series of studies, provided the correct selection of patients [53–56]. An important
factor for selection is the appreciation of the thickness of the skin flap, this being correlated
with the aesthetic results and with the possible postoperative complications [57]. Patients
undergo fewer major surgeries and require fewer days of hospitalization, recovering faster
postoperatively. From an oncological point of view, immediate reconstruction is considered
safe and has been shown to not increase the risk of local recurrence compared to that of
mastectomies without reconstruction [58,59]. At the same time, this technique does not
change the effectiveness of adjuvant radiotherapy [60].
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Figure 1. Patient with stage Ia invasive ductal carcinoma of left breast and BRCA positive status.
She underwent bilateral subcutaneous mastectomy with left sentinel lymph node identification
using Indocyanine green followed by immediate bilateral reconstruction with 350 cc round implants:
(A,B) aspect before reconstructive surgery; (C,D) aspect at 3 months after reconstructive surgery.

Despite the many benefits of immediate reconstruction, many surgeons choose to
postpone the operation for another time (Figure 2), often for reasons of oncological safety.
Definite diagnoses of malignancies of radiologically detected breast tumors are made more
and more frequently by guided biopsies, and the real extension of the tumor tissue can
be evaluated macroscopically only intraoperatively, and microscopically only when exam-
ining the mastectomy piece. Thus, the subsequent therapeutic attitude is often decided
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intraoperatively [61]. However, in order to evaluate the quality and thickness of the skin
flap intended for immediate breast reconstruction, mammography, breast ultrasound, and
magnetic resonance imaging (MRI) can be used preoperatively to complete the clinical
examination. The results of these investigations guide the decision on surgery for immedi-
ate breast reconstruction and have been shown to be true to intraoperative findings. The
thickness of the flap is important in choosing the type of implant used, but also for avoiding
postoperative complications such as skin necrosis [57].
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went right breast delayed reconstruction using latissimus dorsi pediculated flap and a 225 cc round
implant. (A) aspect before reconstructive surgery; (B) aspect at 3 months after reconstructive surgery.

The indications of radiotherapy, typically applied to patients at high risk of recurrence
(>4 positive lymph nodes or positive resection margins), tend to increase, with studies
proving its usefulness in patients with 1–3 positive lymph nodes [62–64]. Although radio-
therapy does not contraindicate immediate reconstruction, the higher rate of complications,
especially in implant-only reconstructions, is a second reason why in these patients, either
a two-stage reconstruction or a delayed reconstruction is chosen [65]. After reconstructive
surgery, radiation therapy may affect the aspect of the operated breast, including altered
skin color and rigidity. It can also lead to capsular contraction which mandates the removal
of implant. Patients undergoing radiation therapy after reconstructive surgery need to be
advised about the possibility of additional corrective surgery [35].

Another contraindication of immediate reconstruction is any modifications of the flaps
(tegument and subcutaneous tissue), namely, the presence of necrosis, inflammation, or signs
of dermal neoplastic dissemination resulting in a large skin defect after the mastectomy.

3.2. Two-Stage Breast Reconstruction

In 2002, the technique of two-stage breast reconstruction was initially described for
delayed reconstruction. Later, the technique was especially used to improve the results
in cases associated with radiotherapy [66]. The ionizing radiation used on either the
chest wall or the axilla irreversibly alters the tissues in the irradiated field, regardless
of their nature. In the short term, erythema and scaling of the skin can appear, and in
the long-term, severe fibrosis, telangiectasia, hyperpigmentation, and tissue atrophy [67].
Under these conditions, many surgeons prefer to place a tissue expander at the time of
the mastectomy, preserved during radiotherapy, which aims to maintain both the shape
and the skin needed for the final reconstruction [68]. The expander can be filled at the
time of the intervention, or progressively, depending on the condition of the flaps and
the center where the intervention is carried out [69]. It can be partially emptied before
radiotherapy sessions in order to favor the alignment of the irradiation fields, but this step
is not always necessary [70]. Subsequently—it is recommended no later than 3 months
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after the completion of radiotherapy—the second stage of reconstruction is performed,
usually with autologous tissue. For patients who do not require adjuvant radiotherapy, the
recommendation is that the second stage of reconstruction be performed no later than two
weeks after the mastectomy [65].

3.3. Breast Reconstruction with Implant

Regarding the type of intervention, at present, it is estimated that 80% of breast
reconstructions are performed with an implant [68]. This type of intervention is shorter
and easier from a technical point of view, and postoperative recovery is faster.

In the long run, however, complications are more common than in cases of breast
augmentation (30% at 5 years compared to 12% at 5 years) and are accentuated by the
history of radiation therapy [69,70]. The main complications are capsular contracture,
implant rupture, hematoma, and infections [71]. Implant reconstruction is associated
with aesthetic complications like asymmetry, chest wall deformity, mispositioning or
displacement, ptosis, wrinkling or rippling (wrinkling of the implant that can be felt or
seen through the skin), skin rush, redness and bruising, and inflammation. The implant can
suffer deflation, rupture, or extrusion. Many of these complications will require additional
surgeries, a possibility that the patient should be informed about. Seroma, hematoma,
delayed wound healing, infection, and necrosis of the skin/flap can also occur after implant
breast reconstruction. These complications will require additional treatment and will most
often delay adjuvant therapies with effects on the overall oncologic outcome. Following
infection, hematoma formation, and seroma formation, capsular contraction can occur.
Grade III and IV capsular contraction (hardening of the breast around the implant, causing
painful tightening of the tissues) will require corrective surgery, but could occur again
after the procedure. Implants are associated also with more exotic complications including
other cancers; there have been reports of Breast Implant-Associated Anaplastic Large Cell
Lymphoma (BIA-ALCL), squamous cell carcinoma, and mesenchymal tumors after breast
reconstruction with implants.

However, implant reconstructions remain preferable for many surgeons because they
avoid the complications of the donor areas and generate lower costs, and in the absence
of radiotherapy or in a two-stage reconstruction, they are a simple solution with good
aesthetic results. Acellular dermal matrices (ADMs) are used either as a first interven-
tion to support the implant in the lower pole, not covered by the pectoralis major, or in
reinterventions [72]. These biological materials are made from human, bovine, or porcine
dermis processed to remove all cellular components—which can generate an immune
response—and keeping the extracellular matrix containing mainly collagen (85%) along
with proteoglycans, glycosaminoglycans, and elastin, arranged in a network, in the meshes
of which the host cells are arranged [73]. This integration of the matrix provides good sup-
port for the breast prosthesis and a high-quality capsule, resulting in a natural appearance
of the final reconstructed breast. The high costs are the main disadvantage and make der-
mal substitutes inaccessible on a large scale. With the increase in accessibility, it is estimated
that the approach to implant reconstructions in a single stage will change significantly.

3.4. Autologous Breast Reconstruction Techniques

Autologous techniques are considered by many authors to be the gold standard in
breast reconstruction. They consist in restoring the contour and volume of the mammary
gland with the help of either rotating, pediculated flaps, which retain their vascular source,
or micro-surgically freely transferred flaps from other areas of the body, most often from
the abdomen. The intervention can be performed immediately or delayed, like the implant
reconstruction. Moreover, if the volume provided by the flap is not sufficient, other
techniques such as the free transfer of autologous fat (lipofilling) or placement of an
implant may be associated [74].
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a. The advantages of flap reconstruction.

Flap reconstruction offers several advantages, including improving the quality of
irradiated tissue by bringing healthy tissue into a scar area; the final appearance after recon-
struction is a natural one that mimics, in time, the physiological ptosis of the contralateral
breast, does not require reinterventions for replacement after a period of time, can be used
in patients who do not want or do not tolerate an implant, and is the recommended type of
reconstruction for the radio-treated patients [75].

b. Types of transferred free flaps.

First described in 1989 by Koshima and Soeda [76], the freely transferred flap based on
the inferior epigastric artery (DIEP) has long been the preferred alternative in autologous
breast reconstruction in specialized centers [76]. Other free flaps that are described but
rarely used in practice are the TRAM (transverse rectus abdominis myocutaneous flap),
more commonly used in its pediculated version; TUG (transverse upper gracilis flap); SGAP
(upper gluteal artery perforator flap); or IGAP (lower gluteal artery flap). Lower-limb flaps
are indicated in selected cases, in the absence of a suitable abdominal donor area or in
patients with previous interventions at this level [77].

c. Latissimus dorsi pediculated flap.

First described by Tansini for covering chest wall defects in 1906, the latissimus
dorsi pediculated flap began to be used in breast reconstruction after almost 70 years [78].
Until the middle of the twentieth century, the radical mastectomy technique described
by Halsted recommended either grafting or secondhand healing of the resulting defect,
strongly contraindicating any form of reconstruction, as it was considered to “hide possible
recurrences and promote the spread of tumor cells” [79].

The evolution of oncological treatments, a better understanding of the pathology, and
the increase of patients’ life expectancy, together with the appearance of breast implants,
changed the approach of these cases. Schneider and Botswick described in 1977 and
1978, respectively, the latissimus dorsi flap accompanied by the implant in restoring the
physiological contour and ptosis of the breast after a mastectomy [80,81]. Subsequently,
Papp and McCraw modified the flap, including subcutaneous adipose tissue overlying the
muscle in order to achieve implant-free reconstruction [82].

Although it is no longer the gold standard in autologous reconstruction, the reliability
and predictability of its anatomy still make it preferred by many surgeons for delayed
reconstructions and also the preferred rescue option in the event of free-transfer flaps
failure [83]. Currently, its primary uses are in patients who do not have sufficient reserves
for a free flap; those with a personal history of abdominal interventions; or those with
significant comorbidities such as obesity and diabetes or in smoking patients [84].

The most common complications are seromas in the donor area, usually easy to treat
without further intervention. Associated with alloplastic procedures, capsular contracture
has been described more frequently in association with implants and less frequently in two-
stage reconstructions, when the implant is preceded by an expander. Rare complications
are contour defects in the donor area, limited shoulder mobility, and decreased muscle
strength in the arm and the scapula alatae [85].

In Figures 3–5, we present various immediate or delayed reconstructive techniques
using the autologous or mixed procedures we employed for our patients.
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Figure 5. Patient with right radical mastectomy for breast cancer; she underwent right breast delayed
reconstruction using latissimus dorsi pediculated flap and a 275 cc round implant simultaneous
with prophylactic left subcutaneous mastectomy (due to BRCA-positive status) with immediate
reconstruction using a 325 cc round implant: (A) aspect before reconstructive surgery; (B) aspect at
3 months after reconstructive surgery.
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4. Discussion

Breast surgery has rapidly evolved in parallel with oncological treatments; while
in 1970, the safety of reconstruction after a mastectomy was still questioned, today it is
suggested for most patients who want it, so today, the task of choosing the most appropriate
technique for each case is on the shoulders of the surgeon. With all the options available,
the surgeon chooses the right technique by taking into account his own experience and
preference; available resources and factors related to the patient, such as the breast size
to be reconstructed, skin quality, type of mastectomy indicated, disease stage, adjuvant
treatments, surgical history, and the general condition of the patient; and last but not least,
her preference.

The contraindications of reconstruction are relatively few, limited to patients with a
precarious general condition which do not allow an elective intervention as well as cases
with a definite unfavorable life prognosis, which do not justify additional interventions.
Also, patients with unrealistic expectations about the end result or who do not accept
postoperative scars are not good candidates for reconstruction [86]. Age is no longer con-
sidered a contraindication to either the procedure itself or the choice of surgical technique,
although, for reasons beyond the general condition and possible associated diseases, tech-
niques involving freely transferred flaps are not usually recommended in patients over
65 years [48].

The selection of oncological surgery, tumorectomy, or mastectomy, as the case may be,
contributes significantly to the end result. The decision on whether or not to preserve the
mammary gland in early cases is still a matter of debate. A study by Veronesi et al. [87]
following the development of 700 women with tumors < 2 cm for 20 years showed that
breast preservation interventions (tumorectomies/lumpectomies) do not change the long-
term survival when compared to mastectomies, although the local recurrence rate is higher
in the first situation; Morrow and co-workers [88] also showed that for stages 0-II, a third
of patients end up requiring a mastectomy. The American Society of Breast Surgery has
recommended breast preservation whenever possible, along with the association with
adjuvant oncological treatments such as chemo- and radiotherapy [89]. However, more
recent data from the United States show an increase in the preference for mastectomies,
especially prophylactic, in patients with and without BRCA 1/2 mutations [90].

The long-term benefit of this radical gesture has been demonstrated in cases with
the presence of mutations, or in familial cases, in studies such as that performed by
Boughey et al. [91], which followed a group of 385 women with a family history and stage
I or II tumors and found that after 17 years, survival was significantly improved in patients
with bilateral mastectomies. Meanwhile, another study by the same author [92] showed
that bilateral mastectomy increases hospitalization costs and the number of on-call visits
in the first 2 years, recommending that these data be explained to patients before making
a decision.

Hoskin et al. [93] conducted a study in the USA on 3195 women operated on for
breast tumors over a period of 5 years, between 2009 and 2014. Of the patients who
required mastectomies, the proportion of patients who opted for immediate reconstruction
increased by 31%. The percentage of prophylactic bilateral mastectomies with immediate
reconstruction increased by 20%, while for the same intervention without reconstruction,
the percentage decreased by 10%, from 22 to 12%.

Complications after intervention are not significantly different between tumoral and
healthy breasts, but in the case of bilateral procedures, the complication rate increases
significantly compared to that of unilateral ones, from 6.3% to 10.6%, according to some
authors [94], respectively, and from 4.2% to 7.6%, according to other studies [95], this aspect
being one of the main criticisms of this trend.

Statistics on the incidence of breast cancer in Romania are limited. The existence of a
national patient record that would include, among other things, the stage at the time of
diagnosis would contribute to the understanding of epidemiology and would facilitate a
unified, multidisciplinary approach and faster access of patients to treatments. From the
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experience of oncological surgery centers, many patients with breast cancer who present for
treatment are detected to be in advanced stages locally, with larger tumors and often with
clinical or radiological lymph node involvement. This situation significantly changes the
surgical indications and, implicitly, the reconstructive options. Although surgical excision
is sometimes possible primarily through the radical mastectomy technique, patients usually
receive neoadjuvant chemotherapy. Given the stage of the disease, reconstruction in such
cases is most often delayed until the completion of oncological treatments [96]. However,
the evolution in the diagnosis and treatment of breast cancer has led to the development of
oncoplastic surgery that not only allows for the preservation of the breast, but also obtains
better aesthetic results in oncological safety conditions [97].

A number of studies have evaluated the safety of immediate breast reconstruction in
neoadjuvant-treated patients with favorable results. A meta-analysis conducted in 2020 by
Varghese et al. [98] evaluated 17 observational studies, comprising 3429 cases, and revealed
that it does not increase the risks of perioperative complications such as hematoma, seroma,
or difficult wound healing and does not delay adjuvant treatment. The study instead
showed a lower rate of complications in younger patients, as well as a higher rate of
complications in patients who smoke or have a high body mass index. Also, patients with
large breasts (>600 g) had a higher complication rate. Neoadjuvant chemotherapy slightly
increases the risk of complications related to implants or expanders and insignificant risks
related to autologous procedures, as noted by the same authors.

The effect of adjuvant chemotherapy on the results of reconstruction is difficult to
estimate, as most patients also benefit from radiation therapy during treatment. One study
showed a relative risk of liponecrosis of 4.8 in cases where immediate reconstruction with a
free flap was performed [99].

Radiotherapy can significantly affect the postoperative outcomes, especially in allo-
plastic procedures. Reconstruction using autologous procedures is safer, with a lower rate
of complications. El-Sawabi [100] performed a meta-analysis on complications after breast
reconstruction in irradiated patients and showed that autologous procedures are associated
with a lower rate of post-procedural complications (wound healing, seromas, hematomas,
infections, and reinterventions) when compared to implant-based reconstruction (30.9% vs.
41.3%) [100]. Failure of the intervention occurred in 16.8% of alloplastic procedures and
only 1.6% of autologous ones. When radiotherapy was performed on the temporary device,
the complication rate was higher than when it was performed on the permanent implant
(18.8% and 14.4%, respectively).

Among the autologous procedures, the latissimus dorsi myocutaneous flap has long
been the basic choice for reconstruction, associated or not with an implant. Almost any
patient can benefit from this technique due to the reliability and versatility of this flap.
The main controversies are related to the transferred volume, the aesthetic result, and the
secondary functional deficit of the shoulder and arm.

As early as 1986, Russel and colleagues [101] observed that although there is a decrease
in scapular girdle muscle function immediately postoperatively and this effect may be
more evident in athletic or elderly patients, this deficit does not have a significant impact
on daily activities—except in athletes, skiers, swimmers, and climbers—and fades in about
6 months due to the development of synergistic musculature. The muscle strength has been
showed to be comparable to preoperative levels in 3 months (2015 study by Yang) [102].
However, this can also be associated with the neurologic alterations following the sectioning
of the sensitive nerves during axillary lymphadenectomy; this can be mitigated by the
utilization of a modified surgical technique for lymphadenectomy which preserves the
intercostobrachial nerve and the third and fourth intercostals [34].

On the subject of aesthetic results of the reconstruction after a mastectomy, Linde-
gren [98] conducted a study on secondary autologous-type reconstructions with 70 irra-
diated patients comparing the perceptions of both patients and surgeons of the aesthetic
results after using the latissimus dorsi flap or DIEP. Although the surgeons favored the
DIEP due to the natural shape and volume of the reconstructed breast, the patients were
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more satisfied with the latissimus dorsi flap reconstruction. This result was unexpected for
the authors, which they hypothesized was correlated to higher satisfaction in the latissimus
flap with the scar of the donor area [103]. Another study had the opposite results in a larger
group of patients but a small percentage of irradiated patients [104].

The appropriate volume for larger breasts can be recreated either by a combination
with the implant, by serial lipofilling sessions, or by changing the skin palette to include
more subcutaneous adipose tissue [105].

Breast reconstruction has become a necessary step in the treatment of most breast
cancers, and many reconstructive techniques are now routinely practiced. Microsurgical
techniques are considered the “gold standard”, but they are not accessible to all services,
from a technical or financial point of view, so pediculated flaps remain the safe and reliable
option, along with mixed and alloplastic procedures, to improve the quality of life of
these patients.
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Abstract: The relationship between non-alcoholic fatty liver disease (NAFLD) and triple-negative
breast cancer (TNBC) has been widely recognized, but the underlying mechanisms are still unknown.
The objective of this study was to identify the hub genes associated with NAFLD and TNBC, and to
explore the potential co-pathogenesis and prognostic linkage of these two diseases. We used GEO,
TCGA, STRING, ssGSEA, and Rstudio to investigate the common differentially expressed genes
(DEGs), conduct functional and signaling pathway enrichment analyses, and determine prognostic
value between TNBC and NAFLD. GO and KEGG enrichment analyses of the common DEGs showed
that they were enriched in leukocyte aggregation, migration and adhesion, apoptosis regulation,
and the PPAR signaling pathway. Fourteen candidate hub genes most likely to mediate NAFLD
and TNBC occurrence were identified and validation results in a new cohort showed that ITGB2,
RAC2, ITGAM, and CYBA were upregulated in both diseases. A univariate Cox analysis suggested
that high expression levels of ITGB2, RAC2, ITGAM, and CXCL10 were associated with a good
prognosis in TNBC. Immune infiltration analysis of TNBC samples showed that NCF2, ICAM1, and
CXCL10 were significantly associated with activated CD8 T cells and activated CD4 T cells. NCF2,
CXCL10, and CYBB were correlated with regulatory T cells and myeloid-derived suppressor cells.
This study demonstrated that the redox reactions regulated by the NADPH oxidase (NOX) subunit
genes and the transport and activation of immune cells regulated by integrins may play a central
role in the co-occurrence trend of NAFLD and TNBC. Additionally, ITGB2, RAC2, and ITGAM were
upregulated in both diseases and were prognostic protective factors of TNBC; they may be potential
therapeutic targets for treatment of TNBC patients with NAFLD, but further experimental studies are
still needed.

Keywords: triple-negative breast cancer (TNBC); non-alcoholic fatty liver disease (NAFLD);
non-alcoholic steatohepatitis (NASH); bioinformatics analysis; hub genes; prognostic value

1. Introduction

Breast cancer is the most commonly diagnosed cancer and the leading cause of cancer
death among women [1]. Triple-negative breast cancer (TNBC), defined by estrogen
receptor (ER)-negative, progesterone receptor (PR)-negative, and human epidermal growth
factor receptor-2 (HER2)-negative histological presentation, accounts for approximately
20% of all breast cancer cases [2,3]. In contrast to other breast cancer types, TNBC has a
more aggressive expression profile (high p53 and Ki67 and low Bcl-2 expression), large
tumor size, and high histological grade, and is associated with an increased risk of early
relapse and poor prognosis [4]. Many potential risk factors for TNBC have been reported,
including non-modifiable factors such as age, sex, race, genetic mutations, breast tissue
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density, and family history of breast disease, and modifiable factors such as diet, lifestyle,
obesity, and hormone replacement therapy [5–7]. In particular, the increasing proportion
of obesity worldwide has led to a sharp rise in patients with metabolic syndrome and an
increased risk of certain malignancies [8,9]. It has been shown that metabolic syndrome is
positively associated with breast cancer and significantly associated with TNBC [10].

Non-alcoholic fatty liver disease (NAFLD) is a common chronic liver disease intimately
related to metabolic syndrome and abdominal obesity [11–13]. It is becoming increasingly
evident that NAFLD is not only linked to an increased risk of liver-related mortality or mor-
bidity, but also associated with extrahepatic complications such as cardiovascular disease,
chronic kidney disease, pulmonary insufficiency, and extrahepatic malignancies [14–16].
A retrospective study by Nseir et al. [17] indicated that NAFLD is associated with breast
cancer independent of known risk factors.

In addition, breast cancer patients often develop non-alcoholic fatty liver disease
during the course of disease. Bilici et al. [18] reported a prevalence of NAFLD as high as 63%
and 72% in newly diagnosed and systematically treated breast cancer patients, respectively.
It has also been reported that long-term selective estrogen receptor modulator (SERM)
administration may increase the risk of NAFLD development, with fatty liver reported
in 48.5% of tamoxifen-treated and 50.2% of toremifene-treated breast cancer patients at
60 months [19]. It is of particular note that patients who present with NAFLD have been
reported to have longer disease-free survival (DFS) [20,21], but the underlying mechanisms
associated with improved clinical outcomes have not been thoroughly investigated.

Recently, advances in sequencing technology and bioinformatics have made it possible
to explore the pathogenesis of diseases and the interactions between different diseases at
the gene level, which is expected to shed new light on the pathogenesis, diagnosis, and
treatment of diseases [22–24]. Here, we investigated the common differentially expressed
genes (DEGs) of NAFLD and TNBC from public RNA-sequencing databases and identified
14 candidate hub genes most likely to mediate NAFLD and TNBC occurrence. Next, the
biological functional pathways of the hub genes were estimated to explore the underlying
mechanisms of both diseases. Finally, validation and prognostic analysis were performed
in a new cohort of TNBC patients.

2. Materials and Methods
2.1. Study Design and Data Collection

Three microarray datasets, GSE63067 and GSE48452 of NAFLD, and GSE38959 of
TNBC, were collected from the GEO (http://www.ncbi.nlm.nih.gov/geo/, accessed on
1 November 2022) database. The nature of the three microarray datasets from the GEO
database is summarized in Table 1. Non-alcoholic steatohepatitis (NASH) is a stage of
NAFLD that is usually associated with a worse prognosis [25] and has a higher prevalence
and more advanced stage of neoplasms compared to steatosis [26]; thus, the NASH samples
were selected as the representatives for analysis in this study. The GSE63067 dataset
included the gene expression profiles of 18 samples, of which 9 were NASH patients and
7 were controls, and the GSE38959 dataset included 47 samples, of which 30 were TNBC
patients and 13 were controls. The GSE48452 dataset consisted of human liver biopsy
samples taken at different phases from control to NASH; 14 controls and 18 NASH samples
were used in this study.

RNAseq profiling in the form of fragments per kilobase million (FPKM) and clin-
icopathological breast cancer data were obtained from the TCGA (https://portal.gdc.
cancer.gov, accessed on 1 November 2022) database (TCGA-BRCA cohort). TNBC samples
were selected according to the status of ER, PR, and HER2 by referring to the method
of Craven et al. [27]. One sample with an unknown ID was excluded, and samples from
132 patients were finally selected for analysis.
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Table 1. The nature of the three microarray datasets from the GEO database.

Series Country Status Platforms Type of Samples Numbers

GSE63067 Sweden Public on 7 November 2014 GPL570
non-alcoholic steatohepatitis 9
steatosis 2
healthy 7

GSE48452 Germany Public on 8 August 2013 GPL11532

non-alcoholic steatohepatitis 18
steatosis 14
healthy obese 27
control 14

GSE38959 Japan Public on 21 December 2012 GPL4133
triple-negative breast cancer 30
normal mammary ductal cells 13
normal human vital organs
including heart, lung, liver,
and kidney

4

2.2. Differentially Expressed Gene (DEG) Selection

DEGs were extracted and analyzed separately using the R package “limma”. The fold
changes (FCs) were calculated for individual gene expression levels. Genes meeting specific
cut-off criteria of p-value < 0.05 and |logFC| > with [mean|logFC|) + 2 × sd(|logFC|)]
were defined as DEGs. The overlapping DEGs between NAFLD and TNBC were delineated
using the R package “ggVennDiagram”. These common DEGs with consistent upregulation
or downregulation trends were retained for subsequent analysis.

2.3. Functional Classification and Pathway Enrichment of DEGs

The above overlapping DEGs were submitted to Gene Ontology (GO) functional
enrichment analysis, which consisted of biological process (BP), cellular component (CC),
and molecular function (MF) analyses, and to Kyoto Encyclopedia of Genes and Genomes
(KEGG) signaling pathway enrichment analysis using the R package “cluster Profiler”. The
enriched GO terms and KEGG pathways with an adjusted p-value < 0.1 were selected.

2.4. Protein–Protein Interaction (PPI) Establishment and Hub Gene Identification

To further explore the interactions among the common genes obtained as described
above, the Search Tool for the Retrieval of Interacting Genes (STRING) (http://string-db.org/,
accessed on 12 November 2022) was used for PPI network construction. Subsequently,
Cytoscape software was used to visualize the PPI network. The Cytoscape plug-in Minimal
Common Oncology Data Elements (MCODE, http://apps.cytoscape.org/apps/mcode,
accessed on 12 November 2022) was used to screen out key protein expression molecules
and multiple topological analysis algorithms in the cytoHubba plug-in (http://hub.iis.
sinica.edu.tw/cytohubba/, accessed on 12 November 2022), such as MCC, MNC, Degree,
and EPC, were used to screen the hub genes in the PPI network.

2.5. Hub Gene Expression Validation and Prognostic Analysis

The expression levels of the identified hub genes were validated in 132 TNBC samples
and 113 controls from the TCGA cohort, and 18 NASH samples and 14 controls from
the GEO database. The Wilcoxon test was used to compare the data between the two
groups, and a two-sided p-value < 0.05 was considered significant. According to the
median expression level for each gene, the TNBC samples were divided into high- or low-
expression groups. Survival analysis was performed using univariate and multivariate Cox
regression hazard analysis, providing hazard ratios (HRs) and 95% confidence intervals
(CIs), and survival curves were derived using Kaplan–Meier (KM) survival analysis with
log-rank tests for comparison.
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2.6. Immune Infiltration Analysis

The ssGSEA (single-sample gene set enrichment analysis) algorithm is a rank-based
method that defines a score representing the degree of absolute enrichment of a partic-
ular gene set in each sample [28,29]. The ssGSEA score utilized immune-cell-marker-
associated gene sets (http://cis.hku.hk/TISIDB/data/download/CellReports.txt, accessed
on 20 November 2022) to quantify the infiltration of immune cells in TNBC tissue and
determine the level of immune infiltration in each sample. Pearson’s correlation analysis
was used to reveal the relationships between hub genes and immune cells.

3. Results
3.1. DEG Identification in NASH and TNBC

In the NASH and control groups in the GSE63067 dataset, there were 498 up-DEGs
and 163 down-DEGs screened with a logFC threshold of 0.472 (Figure 1A). In the TNBC
and control groups in the GSE38959 dataset, there were 453 up-DEGs and 422 down-
DEGs screened with a logFC threshold of 1.834 (Figure 1B). A Venn diagram was used
to determine the intersection and 42 common DEGs were identified (Figure 1C). After
excluding genes with opposite expression trends, 27 DEGs with the same expression trends
were found, including 19 common upregulated genes and 8 common downregulated genes
(Table S1).
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Figure 1. Characterization of the DEGs in NASH and TNBC. (A) Volcano map of DEGs between
NASH samples and normal samples in GSE63067; (B) volcano map of DEGs between TNBC samples
and normal samples in GSE38959; (C) Venn diagram of the common DEGS between the two upregu-
lation and two downregulation modules in NAFLD and TNBC. DEGs, differentially expressed genes;
NASH, non-alcoholic steatohepatitis; TNBC, triple-negative breast cancer.
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3.2. GO and KEGG Enrichment Pathway Analysis of DEGs

To better understand the biological functions of the identified DEGs, GO and KEGG
pathway enrichment analyses were performed. After screening with the threshold of
adjusted p < 0.1, significantly enriched GO terms and KEGG terms were selected.

As shown in Figure 2, in the BP category, DEGs were mainly enriched in maintenance
of location, leukocyte cell–cell adhesion, leukocyte aggregation, leukocyte migration in-
volved in inflammatory response, protein nitrosylation, peptidyl-cysteine S-nitrosylation,
and regulation of apoptotic signaling pathway. In the CC category, DEGs were princi-
pally associated with secretory granule lumen, cytoplasmic vesicle lumen, vesicle lumen,
immunological synapse, collagen-containing extracellular matrix, and nuclear inner mem-
brane. The analysis of the MF category indicated that DEGs were enriched in toll-like
receptor binding, fatty acid derivative binding, fatty acid binding, monocarboxylic acid
binding, microtubule binding, integrin binding, and tubulin binding. Furthermore, two
KEGG pathways with significant enrichment were the peroxisome proliferator-activated
receptor (PPAR) signaling pathway and the IL-17 signaling pathway.
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Figure 2. GO and KEGG analysis results of the common DEGs. GO, Gene Ontology; BP, biological
process; CC, cellular component; MF, molecular function; KEGG, Kyoto Encyclopedia of Genes
and Genomes.

3.3. PPI Network Construction and Hub Gene Identification

To determine the interactions among the DEGs and identify hub genes, the PPI network
of the DEGs was generated using STRING. With the aim of preventing important hub
genes being missed, we modified the PPI settings to have a minimum required interaction
score of medium confidence (0.400) and a maximum number of interactions of no more
than 20 interactors to increase the maximum number of interactions and the number of
proteins directly related to the input proteins. Then, a PPI with 47 nodes and 122 edges,
with a PPI enrichment p value < 1.0 × 10−16, was obtained and imported into Cytoscape
software v3.9.1 for visualization (Figure 3A, Table S2).
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Figure 3. Construction of the PPI network and module analysis. (A) The visualization results
of the PPI network of the common DEGs obtained from Cytoscape software v3.9.1; (B–D) three
crucial clustering modules extracted by MCODE. PPI, protein–protein interaction; DEG, differentially
expressed genes; STRING, Search Tool for the Retrieval of Interacting Genes; MCODE, Minimal
Common Oncology Data Elements.

The MCODE plug-in was used to conduct module analysis to detect crucial clustering
modules. Three modules were retrieved from the PPI network. The criteria were set as
follows: Degree Cutoff = 2, Node Score Cutoff = 0.2, K-Core = 2, and Max. Depth = 100.
Module 1 included 10 nodes and 84 edges with a cluster score (density times the number
of members) of 9.333. Module 2 and module 3 had 6 nodes and 20 edges and 3 nodes and
6 edges, respectively, and the scores were 4.000 and 3.000, respectively (Figure 3B–D).

The CytoHubba plug-in was used to identify hub genes. Based on the MCC, MNC,
Degree, and EPC algorithms, the top 15 important hub genes in the PPI networks were
predicted. The intersection of these 15 genes from the four algorithms revealed 14 candidate
hub genes: TLR4, CYBB, NCF1, NCF2, S100A8, S100A9, ITGB2, RAC2, ITGAM, CYBA,
ICAM1, CXCL10, CXCR3, and ITGAL.

Combined with the logFC values of the hub genes in the GSE38959 dataset, the GO and
KEGG enrichment pathways were analyzed. The top 10 GO terms and KEGG pathways
are shown in Figure 4. In the BP category, nine hub genes including CYBB, NCF1, NCF2,
ITGB2, RAC2, ITGAM, CYBA, ICAM1, and TLR4 were enriched in reactive oxygen species
metabolic process. Furthermore, S100A8, S100A9, ITGB2, RAC2, ITGAM, ICAM1, CXCL10,
and CXCR3 were enriched in leukocyte migration. Enriched CC and MF were related to
redox reactions like NADPH oxidase complex, superoxide-generating NADPH oxidase
activity, and oxidoreductase activity. KEGG enrichment analyses showed that leukocyte
transendothelial migration was highly correlated with these genes.

3.4. Hub Gene Expression Validation and Prognostic Analysis

Validation was performed in the TCGA-BRCA cohort for TNBC and the GSE48452
dataset for NASH. For TNBC, the differences in the expression levels of all hub genes
between normal tissues and TNBC samples were statistically significant (Figure 5A). Com-
pared with normal tissues, 13 hub genes were upregulated, including CYBB, NCF1, NCF2,
S100A8, S100A9, ITGB2, RAC2, ITGAM, CYBA, ICAM1, CXCL10, CXCR3, and ITGAL,
and TLR4 was downregulated. For NASH, the expressions of hub genes ITGB2, RAC2,
ITGAM, and CYBA were upregulated, and the changes in other genes’ expressions were
not statistically significant (Figure 5B).
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cohort (A) and control group and NASH samples in the GSE48452 dataset (B). TNBC, triple-negative
breast cancer; TCGA, The Cancer Genome Atlas; BRCA, breast cancer; NASH, non-alcoholic steato-
hepatitis; TNBC, triple-negative breast cancer.
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To evaluate the clinical relevance of hub gene expression, the TNBC samples were
divided into a high-expression group and a low-expression group according to the median
expression level of each gene for prognostic analysis. Univariate Cox analysis suggested
that high expression of ITGB2, RAC2, ITGAM, and CXCL10 was associated with better
overall survival (OS) (Table 2). The corresponding KM survival curves are shown in
Figure 6. In addition, two prognostic factors associated with worse OS were identified
in terms of clinicopathological features, namely black or African American and Asian
ethnicity, and N stage. All variables significant upon univariate Cox regression analysis
(p ≤ 0.05) were subjected to multivariate Cox regression analysis, and it was found that the
N stage was an independent risk factor for overall survival and the remaining factors were
not significant.

Table 2. The Cox regression analysis results of the hub genes and clinicopathological variables in the
TCGA-BRCA group.

Factor

Univariate Cox
Regression Analysis

Multivariate Cox
Regression Analysis

HR (95%CI) p-Value HR (95%CI) p-Value

TLR4 0.640 (0.237–1.728) 0.378

CYBB 0.509 (0.183–1.411) 0.194

NCF1 0.431 (0.155–1.200) 0.107

NCF2 0.622 (0.228–1.694) 0.352

S100A8 0.810 (0.295–2.226) 0.683

S100A9 0.523 (0.181–1.507) 0.230

ITGB2 0.157 (0.044–0.556) 0.004 0.213 (0.033–1.376) 0.104

RAC2 0.341 (0.118–0.984) 0.047 1.067 (0.282–4.036) 0.924

ITGAM 0.282 (0.094–0.842) 0.023 1.392 (0.318–6.100) 0.661

CYBA 1.750 (0.632–4.847) 0.282

ICAM1 0.676 (0.250–1.828) 0.440

CXCL10 0.244 (0.082–0.725) 0.011 0.430 (0.108–1.718) 0.232

CXCR3 0.419 (0.152–1.156) 0.093

ITGAL 0.413 (0.148–1.151) 0.091

Age 0.773 (0.249–2.406) 0.657

Race 2.830 (1.019–7.860) 0.046 2.090 (0.631–6.922) 0.227

T stage

(T2 vs. T1,
T3/T4 vs. T1)

1.717 (0.471–6.255)
0.194

4.427 (0.858–22.838)

N stage

(N1/N2/N3
vs. N0) 5.641 (1.815–17.534) 0.003 4.681 (1.452–15.089) 0.010
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breast cancer.

3.5. Association between the Hub Genes and Immune Infiltration

Figure 7 shows the relationships between 14 hub genes and 27 immune cells (results
for central memory CD4 T cells unavailable) according to the results of ssGSEA analysis.
For TNBC samples from the GSE38959 dataset, NCF2, ICAM1, and CXCL10 were signif-
icantly associated with activated CD8 T cells (NCF2, r = 0.764, p = 2.42 × 10−9; ICAM1,
r = 0.705, p = 1.32 × 10−7; CXCL10, r = 0.802, p = 1.03 × 10−10) and activated CD4 T cells
(NCF2, r = 0.715, p = 7.16 × 10−8; ICAM1, r = 0.804, p = 8.70 × 10−11; CXCL10, r = 0.785,
p = 4.72 × 10−10). Specifically, NCF2, CXCL10, and CYBB were correlated with regula-
tory T cells (NCF2, r = 0.773, p = 1.22 × 10−9; CXCL10, r = 0.730, p = 2.86 × 10−8; CYBB,
r = 0.718, p = 6.02 × 10−8), and myeloid-derived suppressor cells (MDSCs) (NCF2, r = 0.743,
p = 1.19 × 10−8; CXCL10, r = 0.79, p = 4.24 × 10−10; CYBB, r = 0.733, p = 2.29 × 10−8). In
addition, ITGB2 was associated with activated B cells (r = 0.766, p = 2.22 × 10−9) and
immature B cells (r = 0.733, p = 2.36 × 10−8).
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4. Discussion

In recent years, the relationship between NAFLD and breast cancer has become a
research hotspot, and an increasing number of studies have confirmed the correlation.
Some studies have reported that breast cancer is a common extrahepatic complication of
NAFLD [16,30]. Simultaneously, it also has been suggested that patients with breast cancer,
especially those receiving endocrine therapy, present an increased risk of NAFLD [31,32].
Based on these combined results, NAFLD may be related to the occurrence and progression
of breast cancer. In addition, it has been proposed that liver metastasis in the diagnosis
of fatty liver patients with breast cancer is significantly lower than that of patients with
normal liver histology, further revealing the correlation between the two events in clinical
practice [33]. However, these studies have been mostly observational, and the mechanism
connecting NAFLD and TNBC remains unclear to date. Therefore, exploring the molec-
ular mechanisms to enable early identification and intervention is undoubtedly of great
clinical significance.

In this study, we explored common DEGs of NASH and TNBC datasets in public
databases through bioinformatics analysis and observed the biological processes and
signaling pathways in which they jointly participate. GO and KEGG enrichment analyses of
the common DEGs showed enrichment in leukocyte aggregation, migration and adhesion,
apoptosis regulation, and the PPAR signaling pathway, suggesting that TNBC in NAFLD
patients was likely due to enhanced leukocyte recruitment in the inflammatory response
and abnormal apoptosis. Interestingly, the PPAR signaling pathway not only controls
the expression of genes encoding proteins of lipid metabolism, but is also involved in
anti-cancer responses [34]. One of the mechanisms by which PPARs act to control cancer
progression is to affect the NF-κB signaling pathway, or its upstream pathways, such as the
Toll-like receptor 4 (TLR4) signaling pathway [35,36]. PPAR γ agonists have been found to
induce apoptosis in TNBC cells and inhibit melanoma progression in mice [37,38].

A total of 14 candidate hub genes most likely to mediate NASH and TNBC occurrence
were identified, including TLR4, CYBB, NCF1, NCF2, S100A8, S100A9, ITGB2, RAC2,
ITGAM, CYBA, ICAM1, CXCL10, CXCR3, and ITGAL.

CYBB, CYBA, NCF1, NCF2, and RAC2 are NADPH oxidase (NOX) subunit genes and
are associated with inflammation and fibrosis in multiple organs, such as the liver [39,40],
lungs [41], and kidneys [42], as well as with various types of cancer [43]. NOX can produce
reactive oxygen species (ROS) that cause changes in cellular redox status, leading to chronic
liver injury and fibrosis, which is critical for alcoholic steatohepatitis and NASH [44,45].
The analysis of the TCGA cohort showed that NOX-related genes were expressed more
highly in tumor cells than in normal tissues of the same tissue origin, which suggested
that the abnormal expression and regulation of NOX may be related to tumorigenesis
and the increase of ROS in tumor cells [46], which probably contributes to the increased
susceptibility of TNBC patients to NAFLD compared to the healthy population. In addition,
RAC2 was strongly associated with OS in patients. RAC2 is a 21 kDa RAS superfamily of
GTPases that stabilize the cytoskeleton structure of actin [47,48]. Chen et al. [49] found the
high expression of RAC2 can inhibit the proliferation of breast cancer cells.

ITGAM, ITGB2, and ITGAL are involved in the most common integrins expressed
on leukocytes, including Mac-1 (αMβ2 or CD11b/CD18) and leukocyte function-related
antigen 1 (LFA-1 or αLβ2) [50,51]. Activated integrins play a crucial role in trafficking
immune cells into tissues, activating and promoting the proliferation of effector cells,
and inducing the formation of immune synapses between cells [52,53]. Clinically, Mac-1
expression is increased in patients with metabolic syndrome [54]. It has also been confirmed
that Mac-1 is required for pro-inflammatory gene expression by macrophages in adipose
tissue inflammation and is related to recruiting monocytes from bone marrow and inducing
them to transform into M1-like macrophages (pro-inflammatory and usually anti-tumor)
to express cytotoxic factors to engulf and destroy tumor cells [55–57]. Rojas et al. [51]
demonstrated that an integrin marker composed of ITGA4, ITGB2, ITGAX, ITGB7, ITGAM,
ITGAL, and ITGA8 had the potential to recognize basal-like breast cancers with immune-
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infiltrating and favorable prognosis. Our results are similar to this finding, with ITGAM
and ITGB2 highly expressed in both diseases and associated with a better prognosis in
TNBC. Further analysis of immune infiltration showed a positive correlation between
integrin genes and activated B cells and immature B cells.

CXCL10 and its homologous receptor CXCR3 are critical in the development of specific
features of the NAFLD phenotype, wherein they are mainly involved in the induction
of inflammation, regulation of adipogenesis and oxidative stress, and other related pro-
cesses [58,59]. In the process of tumor progression, studies have shown that CXCL10 has a
dual role. It can not only promote tumor progression by increasing cell proliferation and
metastasis, but also exert an anti-malignancy function by inhibiting angiogenesis and influ-
encing the tumor microenvironment [60–62]. Sun et al. [63] found that CXCL10 expression
was significantly upregulated in mice with melanoma and that CXCL10 promoted the pro-
liferation of monocyte-like MDSCs, leading to an immunosuppressive microenvironment.
On the other hand, it has also been demonstrated that tumor-cell-derived CXCL9/CXCL10
regulates the recruitment of T cells in various tumors [64–66]. Our study suggested that
CXCL10 is positively correlated with MDCSs and activated T cells, and TNBC patients with
high CXCL10 expression obtained a better prognosis. Therefore, in the context of NAFLD,
CXCL10 may play an anti-tumor role in TNBC, but more in-depth experimental research is
still needed.

Although many studies have linked metabolic syndrome to the development of cancer
and poor prognosis, it may be a symptom of a general metabolic disorder. Our study
explored the relationship between NAFLD and TNBC at the genetic level for the first
time, and found that the hub genes ITGB2, RAC2, and ITGAM were upregulated in both
diseases and were prognostic protective factors in TNBC. This is inconsistent with our
understanding of risk factors such as obesity, a high-fat diet, and NAFLD that promote
the occurrence and progression of breast cancer. Therefore, further experimental studies
will be of great significance and are expected to find new targets for diagnosis, prognostic
assessment, and treatment of TNBC.

The study had several limitations. First, although the role of these genes has been
elucidated in multiple studies, the key pathways and hub genes identified have not been
validated in experiments. Second, due to the lack of a dataset, the validation of the hub gene
was performed in patients with only NAFLD or TNBC, but not in patients with NAFLD
combined with TNBC. Third, the relationship between the hub genes and the prognosis of
TNBC patients needs to be confirmed by prospective clinical studies.

5. Conclusions

In conclusion, this study explored the hub genes of NAFLD and TNBC and illustrated
the possible mechanisms for the co-occurrence trend of these two diseases. Redox reactions
regulated by the NOX subunit genes and the transport and activation of immune cells
regulated by integrins may play a central role in the development of NAFLD and TNBC.
Additionally, the expressions of ITGB2, RAC2, ITGAM, and CXCL10 were significantly
correlated with a good prognosis in TNBC and may be potential therapeutic targets for the
development of gene therapies for TNBC patients with NAFLD.
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Abstract: Background: Breast cancer is the most common type of cancer among women and is
classified into multiple subtypes. Triple-negative breast cancer (TNBC) is the most aggressive
subtype, with high mortality rates and limited treatment options such as chemotherapy and radiation.
Due to the heterogeneity and complexity of TNBC, there is a lack of reliable biomarkers that can be
used to aid in the early diagnosis and prognosis of TNBC in a non-invasive screening method. Aim:
This study aims to use in silico methods to identify potential biomarkers for TNBC screening and
diagnosis, as well as potential therapeutic markers. Methods: Publicly available transcriptomic data
of breast cancer patients published in the NCBI’s GEO database were used in this analysis. Data
were analyzed with the online tool GEO2R to identify differentially expressed genes (DEGs). Genes
that were differentially expressed in more than 50% of the datasets were selected for further analysis.
Metascape, Kaplan-Meier plotter, cBioPortal, and the online tool TIMER were used for functional
pathway analysis to identify the biological role and functional pathways associated with these genes.
Breast Cancer Gene-Expression Miner v4.7 was used to validify the obtained results in a larger cohort
of datasets. Results: A total of 34 genes were identified as differentially expressed in more than half of
the datasets. The DEG GATA3 had the highest degree of regulation, and it plays a role in regulating
other genes. The estrogen-dependent pathway was the most enriched pathway, involving four crucial
genes, including GATA3. The gene FOXA1 was consistently down-regulated in TNBC in all datasets.
Conclusions: The shortlisted 34 DEGs will aid clinicians in diagnosing TNBC more accurately as
well as developing targeted therapies to improve patient prognosis. In vitro and in vivo studies are
further recommended to validate the results of the current study.

Keywords: triple-negative breast cancer; in silico analysis; differentially expressed gene; biomarkers;
GATA 3; FOXA1; tumor microenvironment

1. Introduction

Breast cancer is one of the most common types of cancer amongst women, with a
very complex pathophysiology and 2.3 million newly identified cases globally in the year
2020, and a total of 7.8 million diagnoses by the end of that year [1]. Breast cancer is
most commonly classified based on the molecular subtypes, which are dependent on the
molecular profiles of the estrogen receptor (ER), progesterone receptor (PR), and human
epidermal growth factor recpetor (HER2) [2]. Of the different molecular subtypes, the
triple-negative breast cancer (TNBC) subtype is negative for all these receptors, accounts
for 15–25% of the cases, and is considered to be the most aggressive subtype [3]. In the
United States, TNBC has been found to yield a low five-year survival rate, of 8–16%, in
comparison to the other molecular sybtypes [3].There has been a gradual increase in the
incidence of breast cancer annually, with management of the disease being dependent on
enhancing the outcome and survival of patients through early detection and diagnosis [4].

Current diagnostic procedures include imaging and immunohistochemistry, which
aid in subtyping and classifying the disease for enhancing treatment options [5]. Recent
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technical developments in the transcriptomic and genomic profiling of tumors have shifted
the traditional clinicopathological classification into an advanced classification based on
subtyping, which demonstrated prognostic and therapeutic features [6]. Furthermore, the
introduction of a minimally invasive procedures, such as liquid biopsies, can potentially
increase the rate of early diagnosis as opposed to a more demanding and less appealing
option—the solid biopsy. In a study that involved newly diagnosed patients, for example,
the “predictive value” of plasma ddPCR using liquid biopsy for both primary EGFR
mutation and KRAS mutation was 100 percent, meaning that patients who tested positive
for either mutation carried said mutation in their tumor [7]. This screening accuracy,
paired with the minimally invasive nature of liquid biopsies, could aid in introducing
screening tests as a more common procedure, especially for situations such as of ruling out
triple-negative breast cancers [7].

There is a clear distinction in the protein expression levels between the molecular sub-
types of breast cancer—Luminal A, Luminal B, and HER2-enriched breast cancer—which
is not present in TNBC. This lack of a precise molecular mechanism to explain TNBC limits
treatment plans to the likes of chemotherapy, with an ambiguity in the levels of protein
expression that are detrimental to TNBC diagnosis. Due to the disease complexity and
heterogeneity, TNBC cannot be treated as a single entity, and there is no single biomarker
that can be used for diagnosis, making it difficult for early recognition and prognosis [8,9].
To date, no clinical tools have been identified to easily assess whether the patient will
respond to standard breast cancer treatment or have resistant de novo mutations in TNBC
subtypes [9]. Therefore, there has been an increase in the drive to obtain reliable and
accurate biomarkers to aid in the early detection and prognosis of TNBC, which is the
motivation behind the conduction of this study.

Furthermore, in recent years, many immune cells have been found in the tumor
microenvironment, each playing a different role. These different immune cells can be used
as either biomarkers for tumor classification or potential therapeutic targets. For example,
recruitment of tumor-associated macrophages is a potential target for tumor treatments in
breast cancer [10]. Similarly, the proportion of immune cells in the tumor microenvironment
can not only predict but also explain a patient’s outcome and prognosis [11].

A comprehensive understanding of the molecular changes in TNBC might identify
new players that can explain the pathogenesis and serve as potential and reliable markers,
which is another incentive of this study. Output omics databases and patient datasets
that are publicly available, as used in this study, are an excellent source for identifying
such markers.

Breast cancer patients’ expression profiles were re-analyzed after grouping them into
TNBC and non-TNBC groups within their respective datasets. The aim of this study was
to identify consistently differentially expressed genes (DEGs)—genes found in more than
50% of datasets—and their pathways, as well as potential patient impact. The shortlisted
genes will aid clinicians in diagnosing TNBC more accurately as well as developing targeted
therapies to improve patient prognosis.

2. Materials and Methods
2.1. Publicly Available Breast Cancer Transcriptomic Datasets

In order to identify consistently differentially expressed genes specific to TNBC com-
pared to other types of breast cancer, we explored the publicly available transcriptomics
data repository of the National Center for Biotechnology Information (NCBI), the Gene
Expression Omnibus (GEO) (https://www.ncbi.nlm.nih.gov/geo/, accessed on 2 January
2023)—a genomic data repository—for datasets of patients with breast cancer. For con-
sistency, we selected publicly available datasets which can be analyzed using GEO2R, a
built-in platform within NCBI GEO, to carry out differential gene expression analysis on
microarray data. This platform utilizes the computer language R and the limma statistical
package to carry out various statistical calculations, such as the empirical Bayes statistics,
to identify genes that are differentially expressed between different patient groups.
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The inclusion criteria for the datasets were: human sample sources, data type was
expression profiling by microarray, and datasets had breast cancer patients with TNBC
patients included. A total of nine datasets (n = 1027; TNBC n = 207) were used for analysis
(Table 1). Patients of each respective dataset were grouped into two groups: a TNBC group
and non-TNBC group. Figure 1 illustrates a simplified flowchart of the re-analysis process.

Table 1. List of breast cancer studies used in this analysis from NCBI GEO database. TNBC: triple-
negative breast cancer.

GEO Accession Number Study Title Samples PMID

GSE2741 Breast Tumor’s study
TNBC = 3
Non-TNBC = 8
Total samples = 11

16230372

GSE45255 Expression Profiles of Breast Tumors from Singapore
and Europe

TNBC = 15
Non-TNBC = 124
Total samples = 139

23618380

GSE30682 Search for a gene-expression signature of breast
cancer local recurrence in young women

TNBC = 58
Non-TNBC = 285
Total samples = 343

22271875

GSE36295 Transcriptomic analysis of breast cancer
TNBC = 11
Non-TNBC = 27
Total samples = 38

27177292

GSE19615 Integrated genomic and function characterization of
the 8q22 gain

TNBC = 28
Non-TNBC = 87
Total samples = 115

20098429

GSE37751
Molecular Profiles of Human Breast Cancer and
Their Association with Tumor Subtypes and Disease
Prognosis (Affymetrix)

TNBC = 14
Non-TNBC = 47
Total samples = 61

30501643

GSE97177
Genome-wide multi-omics profiling reveals
extensive genetic complexity in 8p11-p12 amplified
breast carcinomas [expression]

TNBC = 9
Non-TNBC = 44
Total samples = 53

29844878

GSE18864
Tumor expression data from neoadjuvant trial of
cisplatin monotherapy in triple-negative breast
cancer patients

TNBC = 38
Non-TNBC = 46
Total samples = 84

20100965

GSE40115
Classifications within Molecular Subtypes Enables
Identification of BRCA1/BRCA2 Mutation Carriers
by RNA Tumor Profiling

TNBC = 31
Non-TNBC = 152
Total samples = 182

23704984

2.2. Identification of Differentially Expressed Genes

Each dataset was processed individually to identify DEGs using the GEO2R online tool
(https://www.ncbi.nlm.nih.gov/geo/geo2r/, accessed on 1 October 2021). Samples were
assigned to groups based on their subtype and analyzed using the standardized parameters
of the tool. These standardized parameters include automated log2 transformation of
non-transformed data, empirical Bayes method of calculation through the limma statistical
package, and adjustment of p value using the default Benjamini and Hochberg (false
discovery rate) method. p-value < 0.05 was used to indicate statistical significance.
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Figure 1. Schematic representation and summary of the re-analysis process of the nine publicly
available datasets retrieved from the GEO database. Publicly available data were identified from
the NCBI GEO database and analyzed using the GEO2R online tool. The common differentially
expressed genes (DEGs) in all datasets were identified and then further analyzed using Metascape,
TIMER, cBioPortal, and Breast Cancer Gene-Expression Miner v4.7. Created with Biorender.com
accessed on 1 October 2021.

To identify consistent DEGs across the nine datasets, all DEGs were intersected using
the ‘ComplexUpset’ and ‘UpSetR’ libraries and functions in R studio (R version 4.2.2).
Genes that were found to be common in more than 50% of the datasets (5/9 datasets or
more) were selected for further analysis.

2.3. Gene Ontology and Pathway Analysis

The online database Metascape (http://metascape.org, accessed on 1 October 2021)
was used to identify the biological role and functional pathways associated with the
common DEGs. Metascape combines a variety of functions including gene annotation,
functional enrichment, and membership in over 40 independent databases within a single
integrated portal [12]. This tool was used to highlight the significance of the potential con-
nectivity network of our genes and those needed for consideration in order to understand
the full biological process [13]. Additionally, this tool streamlines different analysis types
instead of searching each database individually. Outcomes include enriched pathways, top
transcriptional factors, gene regulators, and protein–protein interactions.

2.4. Observing DEG Expression in Patients

To evaluate the expression of the identified DEGs in a clinically relevant cohort,
several databases with patient genomic data were used to analyze these DEGs. Patients in
these databases can be classified based on their tumor type and subtype. Such databases
include the Breast Cancer Gene-Expression Miner v4.7 and the Kaplan-Meier plotter (https:
//doi.org/10.1016/j.csbj.2021.07.014, accessed on 1 October 2021) to identify the survival
of patients based on the expression of selected DEGs.
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The cancer genomic database cBioPortal (https://www.cbioportal.org/, accessed on
1 October 2021) was used to identify the survival of patients based on mutations in these
common DEGs, as well as to visualize the expression of these genes. cBioPortal hosts
multiple cancer databases and/or datasets, and for the basis of this analysis, the TCGA
PanCancer atlas was used.

The webserver “TIMER”, an inclusive reserve that analyzes immune infiltrates across
various cancer types, was used to evaluate the diagnostic and prognostic value of those
specific genes, as well as identify the top immune infiltrates in the breast cancer datasets in
relation to these genes.

3. Results

Our search yielded nine datasets that met our criteria, with a total of 1350 patient
samples across the nine datasets. The re-analysis of these datasets revealed a total of 1217
DEGs in all datasets (Supplementary Files S1–S9), 34 of which are consistent across five
of the nine datasets (50%) (Figure 2, Table 2, Supplementary File S10), with these genes
being either up- or down-regulated. Of the significant and common 34 genes, 26.4% of the
genes (n = 9) were up-regulated, and the remaining 73.5% (n = 25) were down-regulated.
FOXA1 was the only consistently down-regulated gene across all nine datasets. The log
fold change of the 34 DEGs is represented in Figure 3.
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Table 2. Differentially expressed genes present in 50% or more of the datasets analyzed. DEG:
differentially expressed gene, DE: differentially expressed.

Genes Gene Name Number of Datasets
the Gene Was DE in

Percentage of Datasets
the Gene Was DE in

Regulation of the
DEG in TNBC

FOXA1 Forkhead box A1 9 100% Down-regulated

AGR2 Anterior gradient 2 7 78% Down-regulated

CA12 Carbonic anhydrase 12 7 78% Down-regulated

ESR1 Estrogen receptor 1 7 78% Down-regulated

GATA3 GATA binding protein 3 7 78% Down-regulated

INPP4B Inositol polyphosphate-4-phosphatase
type II B 7 78% Down-regulated

MLPH Melanophilin 7 78% Down-regulated

TBC1D9 TBC1 domain family member 9 7 78% Down-regulated

AGR3 Anterior gradient 3 6 67% Down-regulated

AR Androgen receptor 6 67% Down-regulated

DACH1 Dachshund family transcription
factor 1 6 67% Down-regulated

DSC2 Desmocollin 2 6 67% Up-regulated

FOXC1 Forkhead box C1 6 67% Up-regulated

SPDEF SAM pointed domain containing ETS
transcription factor 6 67% Down-regulated

TFF3 Trefoil factor 3 6 67% Down-regulated

VAV3 Vav guanine nucleotide exchange
factor 3 6 67% Down-regulated

XBP1 X-box binding protein 1 6 67% Down-regulated

DNALI1 Dynein axonemal light intermediate
chain 1 6 67% Down-regulated

VGLL1 Vestigial-like family member 1 5 56% Up-regulated

GABRP Gamma-aminobutyric acid type A
receptor subunit pi 5 56% Up-regulated

AFF3 ALF transcription elongation factor 3 5 56% Down-regulated

ANKRD3OA Ankyrin repeat domain 30A 5 56% Down-regulated

ART3 ADP-ribosyltransferase 3 (inactive) 5 56% Up-regulated

BCL11A BCL11 transcription factor A 5 56% Up-regulated

CXXC5 CXXC finger protein 5 5 56% Down-regulated

ELF5 E74-like ETS transcription factor 5 5 56% Up-regulated

ERBB4 Erb-b2 receptor tyrosine kinase 4 5 56% Down-regulated

FAM174B Family with sequence similarity 174
member B 5 56% Down-regulated

FBP1 Fructose-bisphosphatase 1 5 56% Down-regulated

RHOB Ras homolog family member B 5 56% Down-regulated

SCUBE2 Signal peptide, CUB domain and
EGF-like domain containing 2 5 56% Down-regulated

UGT8 UDP glycosyltransferase 8 5 56% Up-regulated

HORMAD1 HORMA domain containing 1 5 56% Up-regulated

SMIM14 Small integral membrane protein 14 5 56% Down-regulated
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Figure 3. Log fold change of the differentially expressed genes in triple–negative breast cancer across
nine datasets.

3.1. Survival Rates of TNBC Patients Are Affected by FOXA1 Expression

A Kaplan–Meier plot was used to test the FOXA1 regulation effect on the survival rate
of all breast cancer patients (n = 2976). Patients with high and low FOXA1 expression were
compared at a follow-up threshold of five years. Figure 4a reveals that high expression
of FOXA1 is associated with a worse prognosis. This low prognosis was consistent when
each subtype of breast cancer—TNBC (n = 126), ER/PR–positive (n = 2005), and HER2-
positive (n = 30)—was analyzed individually, as shown in Figure 4b–d. Furthermore,
another analysis of the TCGA breast cancer dataset from cBioPortal showed that patients
with a mutated FOXA1 had a lower survival rate than those without a FOXA1 mutation
(Figure 5). However, it is of importance that only one TNBC patient had a mutated FOXA1
in this dataset.
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Figure 4. The effect of FOXA1 expression on survival rates. (a) Overall survival rate of high vs. low
FOXA1 expression in BC patients for the first 60 months since diagnosis; those with high expression
rates had lower survival rates. (b) Overall survival rate of high vs. low FOXA1 expression in TNBC
patients. (c) Overall survival rate of high vs. low FOXA1 expression in ER+ and PR+ BC patients.
(d) Overall survival rate of high vs. low FOXA1 expression in HER2+ BC patients. Created by Breast
Cancer Gene-Expression Miner v4.7.
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Figure 5. Survival of patients with FOXA1 mutations in (a) breast cancer, and in (b) patients who are
classified as TNBC. Survival decreases in the presence of mutations in the gene; however, in TNBC
patients, only one had the mutation and, therefore, this is not of statistical significance. Created
by cBioPortal.

3.2. Functional Analysis of the Common DEGs Reveal the Involvement of Estrogen-Dependent
Gene Expression Pathway and Related Genes

The functional pathway analysis of the 34 common DEGs performed via Metascape
provided the pathways these genes were associated with (Figure 6). The most enriched
pathway is that of estrogen-dependent gene expression followed by epithelial cell differen-
tiation. Furthermore, the majority of these genes appear to be regulated by the transcription
factor interferon regulatory factor 1 (IRF-1), as illustrated in Figure 7.
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Figure 6. Enriched pathways of the 34 common DEGs using Metascape reveal that estrogen–
dependent gene expression is the most significant and enriched pathway. Created by Metascape.

The Molecular Complex Detection (MCODE) algorithm was utilized to identify
densely connected network components. Four genes (GATA3, FOXA1, TFF3, and ESR1)
were found to be involved in protein–protein interactions (Figure 8a). Extended enrichment
analysis showed that most of the genes were regulated primarily by GATA3, as shown
in Figure 8b.
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3.3. GATA3 Is Down-Regulated in TNBC Which Leads to Poor Survival

To evaluate the significance of GATA3 expression in terms of diagnostic and prognostic
values across the four subtypes of breast cancer in a larger number of patient datasets, Breast
Cancer Gene-Expression Miner v4.7 was used. Our analysis revealed a significant decrease
in the expression of GATA3 (p < 0.0001) in TNBC patients in comparison to non-TNBC
patients, as illustrated in Figure 9a. Furthermore, GATA3 expression and nodal involvement
in breast cancer were not correlated with each other (p = 0.4288), as illustrated in Figure 9b.
TNBC with low GATA3 mRNA expression also had a lower distant metastasis-free survival
rate as well as a decreased overall survival rate, as shown in Figure 9c,d, respectively.
Furthermore, TCGA patient data show that GATA3 is only mutated in 14% of the TNBC
patients, with most of these mutations being amplification, while in non-TNBC patients,
GATA3 mutations occur in 16% of patients and there are different types of mutations in
these patients such as in-frame mutations, splice mutations, and truncating mutations.
Consequently, GATA3 expression is higher in non-TNBC patients, followed by TNBC
patients with GATA3 amplification and TNBC patients without any GATA3 mutations.
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3.4. Three Immune Cell Types Are Found in the Tumor Site

Immune cell infiltrates analyzed with the web server “TIMER” reveal that there are
three immune cell populations that are particularly involved with GATA3 expression in
BRCA-Basal breast cancer are myeloid dendritic cells, neutrophils, and macrophages, as
illustrated in Table 3. These immune infiltrates play a role in the innate immune response.
The presence of antigen-presenting cells such as macrophages and dendritic cells in the
immune microenvironment of the tumor plays a role in tumor progression.

Table 3. Immune cell involvement in basal-like breast cancer.

Cancer Infiltrates p-Value Adjusted p-Value

BRCA-Basal (n = 191) Myeloid dendritic cell
activated 0.00151881 0.005368

BRCA-Basal (n = 191) Neutrophil 0.019378582 0.049857

BRCA-Basal (n = 191) Macrophage 0.006514787 0.019388
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4. Discussions
4.1. Most DEGs Are Down-Regulated in TNBC Which Can Be Attributed to Poor Prognosis

Within the nine TNBC datasets, there were 34 genes that were consistently differen-
tially expressed, with the majority of these genes being down-regulated, and only nine
genes being up-regulated. FOXA1 is the only gene that was down-regulated in all datasets
analyzed and has been linked with poor prognosis.

Many of these genes have different roles and functions in breast cancer that affect
tumor survival and response to therapy. The R-HSA-9018519 estrogen-dependent gene
expression pathway involves the following DEGs: ERBB4, ESR1, GATA3, FOXA1, TFF3,
CXXC5, ELF5, and VAV3, with four of these genes being involved in protein–protein
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interactions and regulated by GATA3. Furthermore, this pathway includes the reaction
‘R-HSA-9018494: FOXA1 and GATA3 bind TFF genes’ that utilizes both FOXA1 and GATA3
to aid oncogenesis and metastasis [14]. The most enriched transcription factor target is
IRF1, a transcription regulator and tumor suppressor, which activates genes in both innate
and acquired immune responses.

4.2. FOXA1 Can Increase Malignancy in Breast Cancer

FOXA1 is a transcriptional factor that plays an important role in hormone signaling in
both breast cancer and normal breast tissues [15]. It has been shown that low expression
of FOXA1 can increase malignancy and cancer stemness [15]. This gene has been used as
one of many subtyping markers in the identification of triple-negative breast cancers [15].
Knock down studies have shown that reduction or deletion of FOXA1 decreases apoptosis
and accelerates cell proliferation, which can explain the aggressive nature of TNBC and
its worsening prognosis [15]. Furthermore, it has been shown that loss of FOXA1 expres-
sion is associated with worse survival and increased expression is an indicator of good
prognosis [16,17]. Our re-analysis (Figure 4a) links increased expresion with lower survival
rates in the first 60 months for breast cancer patients, which contradicts previous findings.
However, when comparing the high and low expression of FOXA1 in TNBC patients,
there is no statistical difference. On the other hand, the difference in FOXA1 expression is
statistically significant in ER+/PR+ breast cancer. This indicates that FOXA1 might have a
different mechanism in TNBCs compared to other sutypes.

4.3. GATA3 Is a Major Transcription Factor That Is Found in Many Breast Cancer Subtypes

GATA3 is a transcription factor that is involved in the embryonic development of
different types of tissues as well as in inflammatory and humoral immune responses. It is a
potent regulator of the tumor microenvironment and plays a role in the proper functioning
of the endothelium layer in various types of blood vessels. GATA3 has been proven to be
affected in multiple breast cancer subtypes, such as its high expression in the Luminal A
subtype due to its strong association with estrogen receptor expression [18]. As seen in our
analysis, GATA3 also regulates other DEGs that are affected in TNBC. Due to the strong link
between GATA3 and ER expression, high GATA3 levels observed in immunohistochemistry
can be used as a positive prognostic method and are linked with favorable pathological
features such as positive ER status [19]. This is in line with our results (Figure 9), which link
low GATA3 expression with a lower overall survival and distant metastasis-free rate. On
the other hand, the lack of an ER receptor in TNBC also reduces GATA3, which is reflected
in immunhistochemistry staining sensitivity and is linked with a worse prognosis, distant
metastasis-free survival rate, and overall survival [20]. A study carried out in 205 TNBC
samples that were divided into five molecular subtypes showed that GATA3 is categorized
with a negative stain score (staining intensity x proportion) in 74.6% of all samples [21]. On
the other hand, the rate of focal positivity was significantly higher in one of the molecular
apocrine subtypes, at 73.9% [21].

However, GATA3 can still stain positive in TNBC, and can be useful when used as
a diagnostic and prognostic measuring tool when characterizing metastatic tumors of
unknown origin, which is also demonstrated in Figure 9 [22]. This has been supported
with a systematic evaluation conducted by Ashley et al., which demonstrated a 44% stain
positivity rate of GATA3 across 44 TNBC patients at a staining threshold of 5% [23], and
another study revealing a 66% positivity rate when the staining threshold was 1% [24].

Furthermore, mRNA expression of TCGA patients reveals that non-TNBC patients
had higher GATA3 expression compared to TNBC patients (Figure 9d). In TNBC patients,
those with mutations in their GATA3 had a significantly higher expression (p = 0.001)
than those without any mutation in their GATA3. These TNBC patients with the GATA3
mutation—all of which are amplification—had a higher survival rate than those without
the mutation, which supports the idea that increased GATA3 expression increases survival.
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4.4. Estrogen-Dependent Gene Expression Plays a Vital Role in Breast Cancer

The R-HSA-9018519 estrogen-dependent gene expression pathway has been shown to
be involved in most of the 34 DEGs identified in this study (Figure 6). This is consistent
with results from a study published by Treeck O et al., highlighting the effect of estrogen
on TNBC, a breast cancer subtype that does not express the estrogen receptor, and yet
plays a vital role in pathogenesis [25]. ERα—estrogen receptor alpha—is a major driver of
about 70% of breast cancers, with TNBCs being responsive to ERα-independent pathways,
which are involved in pathogenesis. A study using a TNBC experimental metastasis
model comparing ovariectomy and estrogen supplementation showed that ovariectomy
is 56% more efficient in decreasing the frequency of brain metastasis [25]. In addition
to ovariectomy, the aromatase inhibitor letrozole reduced the frequency of large lesions
by 14.4% in the estrogen control [25]. Another study demonstrated that elevated levels
of circulating estrogens were enough to stimulate the development and progression of
ERα-negative cancers [26].

The mentioned studies demonstrate that estrogen can act on cells that are distinct from
cancer cells, promoting angiogenesis via a systemic pathway by promoting mobilization
and recruitment of bone marrow stromal-derived cells in TNBC. This, along with our
results (Figure 6), illustrates how these DEGs can serve as biomarkers for TNBC, and how
estrogen plays a pivotal role in the pathophysiology of TNBC regardless of the estrogen
receptor expression.

4.5. GATA3, ESR1, TFF3, FOXA1 Interaction

Of the genes involved in the estrogen-dependent pathway, four genes have been found
to be involved in protein–protein interactions. These genes are GATA3, ESR1, TFF3, and
FOXA1. ESR1, also known as NR3A1 (nuclear receptor subfamily 3, group A, member 1),
is one of the two main types of estrogen receptors. TFF3 is a secretory protein that has
multiple and diverse functions such as protection of the mucosa, thickening of the mucosa,
and increasing epithelial healing rates [27]. TFF3 has not been well defined, yet closely
resmbles the gene TFF1. Some of the properties of TFF1 include inhibition of cell growth,
colony formation, and migration and invasion of breast cancer cells in vitro [28].

A study showed that FOXA1 enhances the response to estrogen due to its regulatory
properties on the ER binding of the promoter region of its targets [29,30]. The expression
of FOXA1 is regulated by GATA3, which, in turn, enhances the expression of the estrogen
receptor in epithelial cells [31]. Therefore, if one gene is down-regulated, it will negatively
influence genes downstream, which is seen in this study where GATA3 is down-regulated
and, therefore, the genes affected by it are also down-regulated. This is indicated in cancer
cells that have GATA3 depletion, where there is decreased ESR1-binding affinity, which, in
turn, decreases the expression of FOXA1 [32].

While not being involved in the same pathway, TFF1 mRNA expression was correlated
with that of FOXA1, GATA3, ESR1, XBP1, and MYB. Additionally, breast cancer patients
with a positive ER expressed TFF1 higher than those who were negative for ER [33]. This
shows a correlation between TFF1 and the status of estrogen receptor, as seen in the down-
regulated TFF3 in TNBC patients. While possessing many genetic interactions, the novel
variant TFF3 remains understudied, and further evaluation is required to validate its role
and effect in TNBC.

4.6. IRF1 Is a Major Transcriptional Factor Target

IRF1 is a transcriptional factor regulator and tumor suppressor that involves immune
responses to pathogens such as bacteria and viruses, as well as playing a role in cell
proliferation and DNA damage response. This protein represses the transcription of other
genes such as by regulating the transcription of INF and INF-induced genes (provided by
RefSeq, August 2017). Many of the DEGs identified in this study appear to be associated
with this transcription factor.
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IRF1 exerts an anti-oncogenic and anti-proliferative effect by its ability to induce
the expression of cell growth down-regulatory target genes [34]. Genes targeted by IRF1
include protein kinase R (PKR) and signal transducer and activator of transcription (STAT)
and (STAT1) in the Janus kinase (JAK)-STAT pathway. The JAK-STAT pathway signaling is
a pathway whose dysregulated activation is known and recorded in many types of tumors
and is being studied as a molecular target for cancer therapeutics [35].

The enrichment analysis carried out in this study has shown that the DEGs identified
in TNBC are linked to IRF1, a protein that has been considered a potential diagnostic and
prognostic biomarker for recurrence-free survival in patients with colorectal cancer by some
studies [36]. Therefore, not only can IRF1 be used as a biomarker, but these DEGs can be
used as well.

4.7. Immune Cell Involvement in Triple-Negative Breast Cancer Can Lead to Better or
Worse Prognosis

The tumor microenvironment is an important and variable aspect in the progression
of breast cancer. Both the innate and adaptive immune systems with a variety of immune
cells are involved in breast cancer [37].

In this study, ‘TIMER’ identified three types of immune cells that were involved in
the pathogenesis of TNBC based on the gene expression of GATA3: myeloid dendritic
cells, neutrophils, and macrophages. Myeloid dendritic cells were shown to be the most
significant immune cell infiltrate. Dendritic cells are a major part of innate immunity and
are linked to adaptive immunity through their antigen-presenting properties [38]. A study
conducted by Gabrilovich et al. demonstrated the presence of a defect in the dendritic cells
of cancer patients, citing that these cells were not effectively presenting antigens [39].

Furthermore, macrophages appear to be significantly involved in basal-like breast
cancer based on the TIMER analysis. Macrophages, like dendtritic cells, are antigen-
presenting cells and an important part of the innate system. There are two subtypes
of macrophages, M1 and M2, which exhibit both inflammatory and anti-inflammatory
properties [40]. Breast cancer polarizes macrophages to the M2 form, which is the subtype
that promotes tumor growth and cell proliferation [40]. Tumors displaying this subtype
of macrophages are often associated with unfavorable prognosis, and favoring features
such as nodal involvement and metastasis [41]. Our results demonstrate three immune cell
populations involved in breast cancer in relation to GATA3 expression, and the importance
of this gene towards the immune microenvironment. Similarly, a study conducted by Dieci
M et al. demonstrates the importance of immune infiltrations’ involvement in breast cancer
and the possibility of their use as potential biomarkers [38].

4.8. Clinical Implications

Significant key information about tumors can be obtained from the identified biomark-
ers, especially as a prognostic tool. Patient prognosis can be evaluated according to the
biomarkers present in tumor DNA, which is an advisable screening option due to the lack
of well-defined molecular targets that make cytotoxic chemotherapy the only treatment
option for TNBC patients [42]. In order to avoid such harsh treatment plans, understanding
genetic biomarkers could provide a platform for new diagnostic and therapeutic options
specifically designed to target TNBC, with the expression of selected markers being used as
identifiers for the ideal course of treatment and response to such treatments. For example,
GATA3 can be used to evaluate response to hormonal treatments targeting the estrogen
receptor pathways.

Another implication is that four of the genes identified in this study—AGR2, AGR3,
TFF3, and SCUBE2—have protein products that are secreted in the blood by breast cancer.
This can lead to the use of non-invasive methods such as blood tests for preliminary
diagnosis before tissue biopsies, which can lead to more tests being conducted and earlier
detection. Another benefit of using blood tests can include increased testing for more robust
monitoring of the disease, such as taking a test before and after treatments.
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4.9. Strengths and Limitations

This study was carried out using in silico methods and tools, which revolve around
the use of publicly available transcriptomic data to mimic in vitro studies. A benefit to in
silico analysis is the data accessibility and cost-effectiveness of this method, with a large
body of patient data and databases available. This approach could reduce the time for the
conceptualization of a hypothesis before going into in vitro testing, as well as identifying
targets for in vitro testing and validation. Furthermore, this in silico study helped create a
shortlist of potential genes that are involved in TNBC, which can be studied further and
used to generate different hypotheses.

However, these in silico studies need in vitro validation to confirm any final conclu-
sions. Furthermore, in silico data can result in contradicting results due to the varying
patient types and accompanying clinical information in each dataset. This has been ob-
served in some of our data, as cBioPortal has only one TNBC patient with a FOXA1
mutation, compared to Breast Cancer Gene-Expression Miner v4.7, which has several
TNBC patients with high or low expression. Therefore, the use of one database is not
enough and several tools need to be used, as we have in our re-analysis.

5. Conclusions

In conclusion, our study identified 34 DEGs in TNBC compared to the other subtypes
of breast cancer. The generated shortlisted genes could be used in clinical settings as
biomarkers to detect TNBC at an early stage and improve the overall prognosis of the
patient as well as aiding in their treatment course. This in silico analysis study demonstrated
the various physiological effects of the genes involved in TNBC such as estrogen-dependant
pathways, which provide possible alternative targeted treatment options as compared to
the standard non-specicific options currently available. Given that this study is an in silico
analysis, we had access to a limited number of patients in certain subtypes of disease, and
need further validation. We believe that our findings could provide advancements in the
field of TNBC, and we encourage future in vitro and in vivo studies to further solidify the
validity of these results.
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Abbreviations

MBRU Mohammed Bin Rashid University of Medicine and Health Sciences
ER estrogen receptor
PR progesterone receptor
HER2 human epidermal growth factor receptor 2
NCBI National Center for Biotechnology Information
GEO Gene Expression Omnibus
IRF-1 interferon regulatory factor 1
MCODE Molecular Complex Detection
DMFS distant metastasis-free survival
OS overall survival
PKR protein kinase R
STAT signal transducer and activator of transcription
JAK Janus kinase
NR3A1 nuclear subfamily 3, group A, member 1
HNF-3A hepatocyte nuclear factor 3-alpha
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