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Editorial on the Research Topic 


Reviews in breast cancer


According to the GLOBOCAN there were an estimated 19.3 million new cancer cases and 10 million cancer deaths worldwide in 2020 (1). Female breast cancer (BC) has surpassed lung cancer and today it is the most diagnosed type of cancer (2.3 million new cancer cases, representing 11.7% of all cancer cases). In terms of mortality, it ranks in 5th place, with 685,000 deaths in 2020. For women, BC represents 1 in 4 cancer cases and accounts for 1 in 6 cancer deaths (1). Moreover, the GLOBOCAN Cancer Tomorrow prediction tool estimates that incidence will increase by more than 46% by 2040 (2). However, incidence rates are not equal around the world. They are 88% higher in developed countries than in developing countries (55.9 vs. 29.7 per 100.000 women, respectively), but mortality rates are 17% higher in developing countries compared to developed countries (15.0 vs. 12.8 per 100.000 women, respectively). There are a number of reasons for the higher incidence rates in the developed countries, including early age at menarche, later age at menopause, advanced age at first birth, fewer number of children, in addition to lifestyle factors such as obesity, physical inactivity and alcohol intake.

Incidence of BC rapidly increased in the 1980s and 1990s, but by the 2000s incidence had dropped or stabilized. However, since 2007 there has been a slow increase of BC incidence of 0.5% per year in the United States, and moderate increases have been reported in several countries in Europe and in Oceania (2). Using cancer registry data, supplemented with tumor marker information to further understand these increases in incidence, it has been found that most breast cancers are estrogen-receptor positive (1). This particular type of cancer is associated with the obesity epidemic and with mammography screening, which tends to detect slow growing cancers like estrogen-receptor positive cancers. The analysis has also shown that incidence rates are falling for estrogen-receptor negative cancers (1).

Five-years survival rates range between 85-90% for developed countries, whereas for developing countries, particularly those located in Africa, it is 66%. This is primarily due to late-stage presentation of the disease, which reflects on the lack of screening programs and weak health infrastructure. As a result, mortality rates in Africa are among the world’s highest (1).

In this Special Issue our focus was to bring some state-of-the-art research in breast cancer to light. In here the reader will find papers on prognostic and potential therapeutic factors, such as immune cells in the tumor microenvironment, inflammations, small extracellular vesicles, RNA binding proteins, dysbiosis, etc. Moreover, social factors will also be discussed, such as the risk of anxiety, depression and sexual disfunction, as well as health-related quality of life in BC patients. The effects of tobacco smoking and breast cancer risk will also be explored. In terms of breast cancer diagnosis, we will examine the diagnostic value of multiple ultrasound techniques, as well as the role of Artificial Intelligence. We will also explore the use of educational tools to improve radiologists’ performance when detecting this disease. Finally, we will discuss the recent progress of therapeutic vaccines for breast cancer.

A growing body of evidence demonstrated a relationship between inflammation and cancer. It increases the risk of cancer development influencing occurrence and progression (3). IL-6 triggers chronic inflammation and cancer, it was higher in many solid tumors including BC (4) which correlated with poor prognosis and metastasis (5). As summarized by Chen et al. several antibodies for IL-6/IL-6R have been used, either as single drug or combined with chemotherapy, demonstrating a marked outcome in both preclinical and clinical trials. IL-6/JAK/STAT3 pathway suppresses anti-tumor immune responses in BC tumor microenvironment. Therefore, treatments against this pathway have given benefit for patients with BC by reducing tumor cell growth and stimulating anti-tumor immunity. Combining IL-6 pathway inhibitor with other targets therapies may represent a new strategy to treat human cancers.

The most important cause of BC death is disease progression due to metastases. Because of this challenge, the identification of unambiguous molecular biomarkers to predict the disease response is needed. Wang et al. conducted a meta-analysis assessing that higher CD68+ and CD163+ tumor-associated macrophages (TAM) density, accounting for approximately 50% of tumor microenvironment cells, is associated with poor outcome in BC patients and also with higher tumors size, no vascular invasion, and positive ER expression, highlighting the significant prognostic value for TAMs in BC patients.

The triple negative breast cancer (TNBC) is the most aggressive and invasive BC subtype, with rapid progression, short response duration to available treatment and poor clinical outcomes. Therefore, there is an urgent need to develop new early diagnosis tools and therapies with good efficacy. Zhou et al. summarized the role of small extracellular vesicles (sEVs) in TNBC. sEVs are natural nano-sized extracellular vesicles with lipid membrane outside and bioactive contents inside, produced by nearly all cell types, play a significant role in intercellular communications. sEVs contribute to angiogenesis, immune escape, tumor proliferation, invasion and distant metastasis, and drug resistance in TNBC. sEVs can be simply detected in body fluids. So, they hold great promise as biomarkers for early diagnosis, prognosis and treatment approach of TNBC. Huertas-Caro et al. argued that higher levels of tumor infiltrating lymphocytes (TILs) in TNBC have been associated with better outcomes and a higher rate of pathological complete response to neoadjuvant chemotherapy. Similar results were observed for CD4+, CD8+ TILs, independently to the human population analyzed. All together these results suggest that TILs subpopulations might have a prognostic role in TNBC, although the underlying mechanism demands to be elucidated.

Cancer stem cells are a small population of cancer cells with self-renewal and differentiation potential, responsible for tumor heterogeneity, recurrence, metastasis and drug resistance (6). Xu et al. reviewed that breast cancer stem cells (BCSCs) obtained from the same tumor exhibit heterogeneity in terms of mutations, transcriptional programs, immune characteristics and functional properties. Therefore, BCSC concept not only has extensive and great implications for cancer biology, but also has strongly clinical significance for the development of personalized therapies.

RNA binding proteins (RBPs) are key regulators of RNA metabolism. mRNAs as unstable and degradable biomacromolecules bind to specific RBPs and form complexes to maintain their stability in cells, within which RBPs control their localization, stability, translation, and degradation binding to specific mRNAs regions (7). Presently, functional inactivation or abnormal expression of RBPs may be closely associated with BC development, which means that RBPs may become good diagnostic and prognostic biomarkers for BC. Chen et al. described the role of several RBPs and their target genes in the BC development and progression, as well as Lu et al. summarized the function of RBPs in BC cells and their regulatory mechanisms. The RBPs role in drug resistance is still little know and can become a new research direction. Although, as described by Chen et al. therapeutic strategies are developing against RBPs, as the inhibition of HuR by KH-3 that blocks the invasion of BC cells by destroying the HuR-FOXQ1 mRNA interaction, the compound ZM-32 that prevent the formation of HuR-RRM1/2–VEGFA mRNA complex suppressing proliferation, migration, growth, and angiogenesis of BC cells.

Zhang et al. discussed about the emergent role of gastrointestinal microbiome as an important player in the risk and progression of BC. Supposing that the treatment of gut microbiota to stabilize the microenvironment may decrease the production and propagation of pro-tumorigenic factors and determining new approaches to stabilize these deleterious fluctuations is of interest in the treatment and prognosis of BC.

Zhang et al. provided a meta-analysis to evaluate the prognostic differences between multicentric/multifocal (MM) and unifocal BC, in order to illustrate a theoretical basis for the design of an applicable therapeutic strategy for treating MMBC patients. However, MMBC patients showed a higher death risk, but it may not be independently associated with poorer outcomes. MMBC and UFBC patients with appropriate surgery and adjuvant therapies showed the same prognosis, although the prognostic impact of every lesion in MMBC still needs further investigation.

Lei et al. summarized that germline BRCA1/2 mutations are common in Chinese patients with hereditary breast, ovarian, prostate and pancreatic cancers. Although Chinese consensuses recommend BRCA1/2 genetic testing for cancer patients only, depending on cost-effectiveness and social and political factors, public interest and patients’ benefits. The Authors recommended that healthy individuals harboring pathogenic mutations should be identified to promote prevention, early diagnosis, and timely treatment of BRCA mutation-related cancers, which may increase 5-year survival for these patients.

Social factors that affect breast cancer patients were also discussed. For example, anxiety and depression risk in Taiwanese women with breast cancer and women with cervical cancer was explored by Yang et al. As they compared these two populations of patients, the authors found that they are both at an elevated likelihood of developing anxiety and depression, but that the risk for developing depression was slightly higher in breast cancer patients.

In addition, sexual dysfunctions in breast cancer patients were examined by Hernandez-Blanquisett et al.. The authors report that up to 75% of women treated for breast cancer report sexual disorders, but oncologists are not trained to recognize which patients are at high risk for developing this disease. The authors suggest that the choice of less toxic treatments in the surgical, chemotherapy and radiation therapy domains could lead to a reduced risk of female sexual dysfunction without increasing the risk for breast cancer recurrence or the effectiveness of treatment.

In another meta-analysis and systematic review, Chen et al. studied the health-related quality of life in breast cancer patients in Asia. The authors reported that Asian breast cancer patients suffer from poor quality of life and were severely impacted by the effects of fatigue and hair loss, pain, insomnia, and anxiety.

Also in this Research Topic, He et al. carried out a systematic review and meta-analysis on the relationship between tobacco and breast cancer. They showed that active or passive smoking increased the risk of BC in women, and that the effect of smoking was influenced by factors such as duration, intensity, number of years since quitting, as well as population-related factors (such as fertility status) and breast cancer subtypes.

In terms of breast cancer diagnosis, Li et al. explored the diagnostic value of multiple ultrasound techniques for assessment of lymph node metastases in breast cancer patients. As the authors posit, early diagnosis of lymph node metastases is very important for prognosis of breast cancer development. Currently the most commonly used method is lymph node biopsy, however it is an invasive method that may bring complications to the patients (such as lymphedema). The authors found that the combination of ultrasound with contrast-enhanced ultrasound led to the best performance among all the ultrasound techniques tested.

Moreover, the use of Artificial Intelligence for the diagnosis and prognosis prediction of breast cancer was explored by Jones et al. In their review the authors focused on two tasks (1): better understanding the association between radiomics features and tumor microenvironment; and (2) the progress developing new computer-assisted aid schemes for predicting breast cancer risk, determining the likelihood of tumor malignancy, and determining tumor response to treatment.

Aiming to improve radiologists’ performance when detecting early BC, Trieu et al. explored the use of an educational intervention, BREAST (Breastscreen REader Assessment STrategy), which helps radiologists’ interpretation skills when reading both mammograms and Digital Breast Tomosynthesis cases. The authors described the use of the BREAST platform in countries with screening programs for breast cancer (such as Australia, Singapore) and countries without (such as China, Vietnam).

The recent progress on the development of therapeutic vaccines for BC has been explored by Zhang et al. in this issue. Although advanced BC is still considered to be a poorly immunogenic disease, the great success of cancer immunotherapy is paving the way for a new era in cancer treatment. Vaccine targets have included both tumor-associated antigens and tumor-specific antigens. However, as only a few women seem to benefit from neoantigens, more attention is being paid to overexpressed antigen-based treatments, such as HER-2-derived peptide vaccines.

Finally, Lyu et al. have determined the research trends and hot spots of breast cancer management during the COVID-19 pandemic. The authors suggest that during the epidemic the management of breast cancer patients changed considerably, including all aspects of management such as screening, treatment, follow-up and rehabilitation.




Conclusions

Breast cancer is currently the most diagnosed type of cancer for women worldwide. Moreover, the GLOBOCAN Cancer Tomorrow estimates that incidence of this disease will increase by more than 46% by 2040, making it critical that we device new ways to detect, diagnose and treat breast cancer.

In this Special Issue we presented reviews and meta-analyses that promoted knowledge of the mechanisms of breast cancer progression, as well as its prevention, diagnosis and treatment. We believe that this information will be useful for both scientists and clinicians.
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Breast cancer remains the most frequently diagnosed malignancy worldwide. Advanced breast cancer is still an incurable disease mainly because of its heterogeneity and limited immunogenicity. The great success of cancer immunotherapy is paving the way for a new era in cancer treatment, and therapeutic cancer vaccination is an area of interest. Vaccine targets include tumor-associated antigens and tumor-specific antigens. Immune responses differ in different vaccine delivery platforms. Next-generation sequencing technologies and computational analysis have recently made personalized vaccination possible. However, only a few cases benefiting from neoantigen-based treatment have been reported in breast cancer, and more attention has been given to overexpressed antigen-based treatment, especially human epidermal growth factor 2-derived peptide vaccines. Here, we discuss recent advancements in therapeutic vaccines for breast cancer and highlight near-term opportunities for moving forward.
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Introduction

Breast cancer (BC) is the leading cause of cancer worldwide (1). Although there has been an increase in the overall survival rate in BC because of improvements in early-stage diagnosis and targeted therapies, almost all metastatic tumors develop drug resistance and cannot be cured. It is still a difficult problem to reduce the recurrence rate of early breast cancer and to prolong the survival time of advanced breast cancer. Immune-based interventions could be a beacon of hope to decrease morbidity and mortality of cancer. Although immune checkpoint inhibitors (ICIs) have been proven to increase the survival rate in lung cancer, melanoma, gastric cancer and so on, the indications of ICIs for the treatment of BC are only focused on first-line and neoadjuvant therapy for triple-negative breast cancer (TNBC) (2) to date.

The tumor microenvironment (TME) plays a crucial role in the recognition and prevention of cancer and early eradication. The TME may also interact with tumor cells and promote the progression of cancer. The immunoediting hypothesis describes the dynamic interaction between the immune system and tumor cells in three phases: elimination phase, equilibrium phase and escape phase (3). Tumor cells that avoid immune recognition and elimination steps enter the escape phase and present a clinically detectable tumor. The advantage of active immunotherapy is to develop a protective effect against tumor tissue, modifying the immune microenvironment and resetting the immune system to an antitumor surveillance status. Therapeutic cancer vaccines led by neoantigens are hotspots of active immunotherapy. Combination strategies with ICIs have shown clinical benefits in multiple types of cancer (4, 5). To date, only one vaccine named sipuleucel-T has been approved by the FDA and is used to treat metastatic castration-resistant prostate cancer in a limited group of nearly asymptomatic patients (6). No BC vaccine has been approved for clinical use. BC is a heterogeneous disease and can be classified into 4 common groups: luminal A, luminal B, human epidermal growth factor 2 (HER2)-positive, and TNBC (7). BC is traditionally considered a poorly immunogenic tumor. However, recently published data on TNBC have shown that a significant number of tumor infiltrating lymphocytes infiltrate TNBC tissues (8), indicating that an immunotherapeutic approach may be suitable for this hard-to-treat malignancy. A series of clinical trials for TNBC vaccines are underway. In addition, increasing numbers of clinical trials are being conducted demonstrating that vaccination is capable of inducing an antitumor-specific response in BC. In this review, we discuss recent progress on therapeutic vaccines from the perspective of tumor development and clinical data, and a blueprint for personalized vaccines is also presented.



Spectrum of Vaccine Targets

Therapeutic tumor antigens are divided into two main categories: tumor-associated antigens (TAAs) and tumor-specific antigens (TSAs) (9) (Figure 1). TAAs include tumor germline antigens, tumor differentiation antigens and overexpressed antigens (10). Tumor germline antigens, or cancer testis antigens, are expressed at high levels in the germinal cells of the testis, ovaries, and placenta and are not expressed in somatic cells under normal conditions (11). They are expressed in malignant cells of various cancer types, including BC. In BC, the expression of a number of cancer testis antigens has been reported, such as MAGE-A1 (12), NY-ESO1 (13) and KK-LC-1 (14). Serum antibodies against cancer testis antigens can be detected as useful biomarkers for predicting the clinical benefits of immunotherapy (14–16). Tumor differentiation antigens are proteins expressed in tumor cells and in normal tissue from which the tumor originates, such as Melan-A/Mart-1 (17), gp100 (18), PSA (19), CEA (20) and NY-BR-1 (21, 22). Overexpressed antigens are proteins expressed at low levels in normal cells and at high levels in cancer cells. The most common overexpressed antigens targeted in BC are HER2 (23), MUC-1 (24), hTERT (25) and survivin (26). TAA-based vaccines must be sufficiently immunogenic to activate the remaining low-affinity TAA-reactive T cells because central and peripheral immune tolerance mechanisms have removed T cells with strong TAA affinity.




Figure 1 | Graphic representation of the therapeutic breast cancer vaccine platforms and their mechanism of action. The figure summarizes the spectrum of vaccine targets and vaccine platforms for breast cancer. Vaccine platforms are whole cell-based vaccines, multipeptide vaccines, DNA/RNA-based vaccines, dendritic cell (DC)-based vaccines and in situ vaccination. DCs present processed tumor-associated antigen (TAA) or tumor-specific antigen (TSA) to CD4+ and CD8+ T cells. This interaction generates TAA/TSA-specific effector T cells, leading to the killing of tumor cells. B7, B7 protein; CD28, T cell costimulatory molecule CD28; CTLA-4, cytotoxic T lymphocyte-associated antigen 4; DC, dendritic cell; MHC, major histocompatibility complex; PD-1, programmed cell death protein 1; PDL-1, programmed death ligand 1; TAAs, tumor-associated antigens; TSAs, tumor-specific antigens; TCR, T cell receptor; Treg, regulatory T cell.



TSAs are expressed specifically in tumor cells, mainly including oncoviral antigens and neoantigens (27). Neoantigens are products of genomic alterations and consist of simple point mutations that change single amino acids, frameshift insertion or deletion mutations, splice-site alterations that lead to exon skipping, structural alterations that lead to the formation of fusion proteins and other forms of collateral damage (28). Although there are thousands of genomic alterations in the process of tumor formation, only a handful of neoantigens succeed in eliciting antitumor immune responses. BC shows an intermediate genomic mutational load, and only a few cases benefiting from neoantigen-based treatment have been reported in BC (29). Since TNBC is recognized as a potential suitable subtype for immunotherapy, clinical trials of neoantigens are enrolling TNBC patients to evaluate the safety and induction of specific T cell responses. Clinical trials using autologous dendritic cells (DCs) pulsed with tumor-specific neoantigen (NCT04105582) or neoantigen DNA vaccine administered with durvalumab (NCT03199040) or personalized synthetic long peptide (SLP) neoantigen vaccine administered with durvalumab and nab-paclitaxel (NCT03606967) are currently enrolling TNBC patients. The neoantigen prediction process includes identifying tumor-specific somatic mutations and predicting major histocompatibility complex (MHC)-binding epitopes. Whole-exome sequencing is performed using tumor biopsy specimens and nonmalignant tissue samples to identify tumor-specific somatic mutations (30, 31). Tumor and germline DNA are compared to exclude germline mutations, while RNA sequencing provides additional information on mutated genes and confirms the mutation calls (32–34). Owing to human leukocyte antigen (HLA) restriction, various algorithm-based computational approaches have been developed to predict the binding of a tumor antigen to MHC molecules (35, 36). Peptides predicted with a moderate-to-strong HLA-binding affinity (IC50 < 150 nmol/l) are considered more likely to induce CD8+ T cell responses. Mass spectrometry-based immunopeptidomics can be used to identify neoantigens or to validate those predicted by in silico strategies. Recently, a new strategy based on using signaling and antigen-presenting bifunctional receptor (SABR) libraries was developed, enabling the identification of specific TCR-pMHC interactions (37).

In addition to TAAs and TSAs, multiple TME-targeting vaccine-based clinical trials are underway for patients with BC (38). Resident cells in the TME are likely more genomically stable than tumor cells. Pathological angiogenesis in the vascular TME can suppress effective immunotherapies. Multiple strategies targeting whole-cell endothelial cells (39), tumor blood vessel antigens (40), epidermal growth factor receptor (EGFR) (41), CD105 (42), platelet-derived growth factor receptor (PDGFR)-β (43) and vascular endothelial growth factor receptor (VEGFR) (44) have been tested in preclinical models of BC. A phase I study of pulsed DCs with tumor blood vessel antigens was completed recently (NCT02479230). Cancer-associated fibroblasts of the TME are vaccine targets as well. However, cancer-associated fibroblast vaccine strategies are all in the preclinical stage (45–47). Mads Hald Andersen et al. (48) designed an innovative investigational approach to target immune inhibitory pathways in the TME, modulating immune regulation. Therapeutic vaccination with long peptide epitopes is derived from proteins including indoleamine 2,3-dioxygenase (IDO), tryptophan 2,6-dioxygenase, arginase, and programmed death ligand 1 (PD-L1). Endogenous anti-regulatory T cells are activated because they recognize these peptides, and these pro-inflammatory cells are attracted to the TME, potentially altering tolerance to tumor antigens. Vaccinations against IDO or PD-L1 have been proven to be safe in clinical trials. Tryptophan 2,6-dioxygenase (TDO) is another enzyme involved in tryptophan degradation in the TME and is expressed in many cancers, including breast cancer, making it an interesting target for therapeutic vaccinations against the TME for BC. Vaccines are also currently being developed to target gene products associated with epithelial-mesenchymal transition (EMT) and cancer cells with stem-like characteristics (49, 50).



Vaccine Delivery Platforms

Diverse vaccine platforms have now been evaluated in clinical trials, including whole cell-based vaccines, multipeptide vaccines, DNA/RNA-based vaccines, dendritic cell-based vaccines and in situ vaccination (Table 1).


Table 1 | Comparison of different vaccine platforms.




Whole Cell-Based Vaccines

Whole cell-based vaccines are derived from autologous or allogenic tumor cells (56). Immunizing BC patients with tumor cells isolated from the patient can circumvent the problems associated with antigen selection and epitope prediction. In addition, whole cell-based vaccines present the patient’s immune system with a wide variety of TAAs as immunogens. However, whole cell-based vaccines have shown relatively poor immunogenic potential (57). The immunogenicity can be increased by engineering tumor cell lines to secrete granulocyte-macrophage colony stimulating factor (GM-CSF), combined with strong adjuvants or cytokines (58, 59). In addition, whole cell-based vaccines in combination with chemotherapy may also exert synergistic antitumor effects. Autologous tumor cell vaccines (ATCVs) present a unique set of antigens, such as particular point mutations or fusion gene products, from a given patient’s own tumor (60–62). These antigens could help to launch a polyclonal response against a variety of tumor cells. However, the generation of ATCVs is patient specific with high complexity and high cost. Allogenic tumor cell vaccines, which typically contain two or three established human tumor cell lines, can be used as an alternative for the development of cell-based vaccines (56). In a phase I clinical trial enrolling 28 patients with stable metastatic breast cancer (mBC), the efficacy of a combination therapy using an allogenic GM-CSF-secreting BC vaccine along with chemotherapy was investigated (63). The vaccine was formulated from two HER2/neu+ mammary adenocarcinoma BC cell lines, SKBR3 and T47D. This vaccine was administered either alone or in sequence with common chemotherapeutic agents, such as cyclophosphamide and doxorubicin. The results suggest that the vaccine alone or in sequence with low-dose chemotherapy could induce an effective immune response. In another phase I study, a human leukocyte antigen (HLA)-A2+, HER2/neu(+) allogeneic MDA-MB-231 BC cell line was modified to express the costimulatory molecule B7-1 (CD80) and used as a vaccine to treat stage IV BC patients (64). Although this immunization strategy proved to induce tumor-specific immune responses in a minority of patients, no significant tumor regression was observed. In a single-arm feasibility study, an allogeneic HER2+ GM-CSF-secreting BC vaccine was given with low-dose cyclophosphamide and weekly trastuzumab in 20 patients with HER2+ mBC (65). This vaccination regimen was safe and demonstrated clinical effects in terms of objective response rate (ORR), progression-free survival (PFS), and overall survival (OS), with a trend toward longer PFS and OS in HER2-specific T-cell responders.



Peptide Vaccines

The advantages of peptide vaccines include ease of synthesis and storage, safety, cost-effectiveness, and tolerable side effects. The great limitation for peptide-based vaccines is the possibility of insufficient immunogenicity, which makes a great need for a suitable adjuvant to produce an efficient response. The expression of antigen epitopes within the tumor bed can be heterogeneous, while the immune response may be limited to a few epitopes. Multipeptide vaccines formulated from MHC class I-restricted TAAs are being tested for their antigen-specific immune response in clinical trials (66–70). Peptides with epitopes can bind directly to MHC class I molecules on the surface of antigen-presenting cells without cross-presentation, but they often result in only low-level, short-lived responses without the help of CD4+ T cells. CD4+ T cells can enhance the tumoricidal activity of other antitumor effector cells, such as CD8+ T cells and macrophages. Some CD4+ subsets influence angiogenesis to facilitate the infiltration of CD8+ T cells, in addition to direct cytotoxic functions (71). There are attempts to activate both CD4+ and CD8+ T cells by using multivalent synthetic long peptides (SLPs) containing both MHC class I and class II epitopes (72). SLP vaccines offer several advantages. They are not able to bind directly to MHC class I so that they have to be processed by DCs (73). SLP vaccines increase the duration of in vivo epitope presentation in the antigen-draining lymph node (74), which is shown to be important for clonal expansion (75) and for interferon-γ production by CD8+ T cells (76), and harbor both CD4+ and CD8+ T cell epitopes, ensuring a balanced CD4/CD8 response. Some well-designed peptide vaccines will be discussed in the 4th part of this review. In addition, delivery systems have been applied to improve antitumor immunity. Among them, nanomaterials, such as liposomes, micelles, dendrimers, microneedles, proteins, polymer-based conjugates, the B-subunit of Shiga toxin (STxB), and polyactin A (PAA), are under investigation to convey and release antigens and immunostimulatory molecules (77).



DNA/RNA-Based Vaccines

DNA or RNA-based vaccines are easy to design and can encode multiple epitopes. DNA vaccines have good stability and can be rapidly and easily modified. Plasmid DNA vaccines can be integrated with additional immune modulators to elicit a maximal immune response (78). Most DNA-based cancer vaccine studies have targeted TAAs, such as HER2/neu and mammaglobin-A (MAM-A), in BC. The first clinical trial of a HER2/neu DNA vaccine evaluated the efficacy and tolerability of the vaccine in humans. The HER2/neu DNA vaccine was administered with low doses of interleukin-2 (IL-2) and GM-CSF in mBC patients in a pilot clinical trial, even though no significant T cell response was elicited (79). Currently, two phase I clinical trials of HER2/neu DNA vaccines are active (NCT00393783 and NCT00436254). The MAM-A DNA vaccine was also investigated in mBC in a phase I clinical trial. This vaccine was safe and succeeded in eliciting MAM-A-specific CD8+ T cell responses. PFS was improved in vaccinated patients, although the sample size was low (n=14) (80). Additionally, a clinical trial using a neoantigen DNA vaccine to treat TNBC was launched (NCT03199040). RNA vaccines are designed to enter the cytosol and thus avoid safety concerns related to integration into the host cell genome. RNA-based vaccines have an inherent function through Toll-like receptor 3 (TLR3), TLR7 and TLR8 stimulation to provide an adjuvant effect. However, RNA is very unstable, so delivery systems such as nanoparticles and liposomes are challenging. Viral vectors can be used to deliver nucleic acid vaccines to enter the cytosol. However, the production of antibodies against viral vectors attenuates the efficiency. PANVAC (containing transgenes for CEA, MUC-1 and 3 T cell costimulatory molecules) is a well-studied poxviral vaccine. For the 12 mBC patients, 5 patients had stable disease (SD) by RESIST lasting ≥ 4 months, with one patient having a complete response (CR) and remaining on study for ≥ 37 months (81).



Dendritic Cell-Based Vaccines

DCs are professional antigen-presenting cells that can process exogenous and endogenous antigens and present them to stimulate naïve T lymphocytes through the MHC I and II pathways. Therefore, DCs play a crucial role in the initiation of the primary response and induction of the antitumor-specific immune response. Most cancer vaccines are greatly dependent on the activation of DCs. Peptide-pulsed DCs have superiority in inducing antitumor responses compared to peptide vaccines with adjuvants (82). In a pilot study, autologous DCs were pulsed with HER2/neu- or MUC1-derived peptides to generate a DC-based vaccine. Ten patients suffering from advanced BC and ovarian cancer showed a strong immunogenic response with no side effects (83). A HER2 intracellular domain (ICD) protein-containing DC vaccine was tested in disease-free BC patients. Six patients out of seven had circulating anti-HER2 ICD antibodies, and all patients were alive and disease free at 4.6-6.7 years of follow-up (84). Autologous DCs were also pulsed with patient-derived tumor cells or cell lysates to facilitate a strong immunogenic response (85–87). However, ex vivo generation of DCs is complicated, and it is costly and time-consuming to generate the large number of DCs required for vaccination. The demanding production process of DC vaccines and lack of improvement in clinical benefits limit their application in the clinic.



In Situ Vaccination

In situ vaccination (ISV) refers to inducing and stimulating an immune response specially at the tumor site (88). ISV uses the tumor itself as the antigen source and should be defined as a treatment process or strategy. There are several advantages of ISV. It is simple and cost-effective with minimal side effects, and it utilizes all tumor antigens in the tumor which minimizes immune escape. There is no need to identify antigens and adjuvant delivery is feasible and flexible. Besides, there is a great chance to obtain synergistic effect with other therapies (55). One limitation may be due to intratumoral injection, because some internal tumors will not be accessible to injection. As to breast cancer, the primary tumor is superficial, skin and regional lymph node recurrence is common. Therefore, breast cancer is quite accessible to injection, making it a good candidate for ISV.

Food and Drug Administraion (FDA) has approved a number of ISV-based cancer immunotherapies, such as Bacilus Calmette-Guerin (BCG) for in situ vaccination, toll-like receptor agonists for in situ vaccination, oncolytic virus for in situ vaccination, and in situ vaccination with cytokines and immune checkpoint blockade. ISV involves manipulation of intratumoral immune cells by injecting immunomodulators (89) and local ablative therapies which are used to release tumor antigens from the therapy-killed tumor cells (90). Besides, local treatment with vaccines and adjuvant is another option to provoke immune system in situ (91). The combination of ISV with other immnutherapies is likely to provide the optimal local control and systemic antitumor effect. Yokoi et al. treated mammary tumors with in situ immunomodulation consisting of intratumoral injections of Fms-like tyrosine kinase 3 receptor ligand to mobilize conventional type-1 dendritic cells (cDC1s), local irradiation to induce immunogenic tumor cell death, and TLR3/CD40 stimulation to activate cDC1s. Circulating effector T cells and CD8+ T cells infiltrated into metastatic brain lesions were increased and resistance to anti-PD-1 therapy was overcome, resulting in improved survival. Radiation can elicit systemic response which is known as abscopal effect, and the potential mechanism is to release tumor antigens in the process of ISV (92). Numerous clinical data supported the concept of radiation as an important part during in situ vaccine treatment (93–95), and clinical trials are underway investigating combination therapy of radiation with other immunotherapies (91). Combination therapy with noninvasive low intensity focused ultrasound and ablative radiation therapy was reported to generate an in situ tumor vaccine as well (96). Like radiation, heat (hyperthermia) has been used to damage targeted tumors and could be further combined with ISV (97). More approaches will be integrated into future multi-modality therapy.



Therapeutic Vaccines for Breast Cancer in Clinical Trials

The treatment for BC at different stages includes neoadjuvant therapy, adjuvant therapy for early BC, rescue therapy and maintenance therapy for advanced BC. Therapeutic vaccines for BC at different stages are summarized.



Neoadjuvant Setting

Disease at an early stage presents with a more intact immune system and a lower tumor burden, possibly affording vaccines the potential to confer a more favorable outcome. Therapeutic vaccines in the neoadjuvant setting are the theoretically most likely method to optimize the immune microenvironment and improve prognosis. Cancer treatment starts with modulation of the microenvironment and promotion of antitumor immunity before any inhibition occurs to the immune system.

Mucin or MUC-1 is a transmembrane glycoprotein that is expressed in the lung, colon, breast, ovary, pancreas and other cancer tumor cells. MUC-1 is considered a promising candidate for vaccine development in BC. Tecemotide is a synthetic 27 amino acid lipopeptide used as an MUC-1 immunogen that is applied in clinical trials of prostate, NSCLC and colon cancer with promising effects. In a prospective, multicenter, randomized 2-arm academic phase II trial (ABCSG 34), tecemotide was added to neoadjuvant standard-of-care treatment in early BC patients. Approximately 400 patients with early BC were recruited into this trial. No significant difference was observed in residual cancer burden or overall pathological complete response (pCR) rates between the two groups. This trial demonstrated that MUC-1-based vaccination strategies are safe but did not show an improved treatment effect when added to standard treatment in the neoadjuvant setting (98). However, disease-free survival data are still premature and may provide further information. Interestingly, tumors which achieved a residual cancer burden (RCB) 0/I and a pCR had a higher concentration of intratumoural and stromal tumor-infiltrating lymphocytes in the pre-therapeutic biopsy than those which did not. Several ongoing studies address vaccines for BC in the neoadjuvant setting (NCT03387553, NCT02204098, NCT03564782, NCT03572361, NCT04144023). Further data are needed to determine whether neoadjuvant vaccine therapy can reduce the risk of recurrence and prolong relapse-free survival.



Adjuvant Setting

Further immune elimination of subclinical lesions is an important function of vaccines for BC after tumor resection. There have been a number of clinical studies of preventive vaccines in the field of adjuvant therapy.

In a pilot clinical trial of oxidized mannan–MUC-1 (M-FP) for the treatment of patients with stage II BC, the follow-up at 12-15 years showed that the recurrence rate was 12.5% (2/16) in the vaccine group compared with 60% (9/15) in the placebo group. M-FP also benefits the overall survival of stage II BC patients (99). In a phase II clinical trial (NCT02764333), a folate receptor alpha-based vaccine (TPIV200) was investigated in TNBC patients. In this trial, an immunologic response was elicited, and more data has not been exposed.

Peptide vaccines for HER2 have been explored in the adjuvant setting. The E75 peptide vaccine (nelipepimut-S), an HLA-A2/A3-restricted extracellular HER2-domain-derived peptide, is an MHC class I epitope (100). A series of trials in the adjuvant setting were conducted at approximately E75, demonstrating not only a good safety profile of the E75 peptide vaccine but also a superiority of immune response in BC patients with low HER2 expression than vaccinated patients with high levels of HER2 expression (101). Mittendorf et al. further examined schedule optimization according to lymph node (LN) status and risk of disease recurrence in a phase I/II clinical trial (69). Analysis of disease-free survival (DFS) revealed that patients who had tumors with low HER2 expression (immunohistochemistry score 1+ or 2+ with fluorescence in situ hybridization negativity) and had positive lymph nodes benefited the most from vaccination therapy. In a phase I/II trial, 187 LN-positive and high-risk LN-negative breast cancer (IHC score 1-3) patients were evaluated in the adjuvant setting. E75 patients with GM-CSF versus placebo were administered to 108 patients with HLA-A2/3- and 79 HLA-A2/3-negative patients, respectively. The results concluded that the 5-year DFS was improved for those who received E75 with respect to controls (89.7% vs 80.2%, P=0.08) (102). Given these promising data, in phase III clinical trials, the study assessed the effects of vaccination with E-75 plus subcutaneous GM-CSF relative to placebo in LN+ BC patients with low expression of HER2 in the adjuvant setting (103). However, no significant difference was found in DFS between the vaccine group and the control group, leading to the termination of the trial. Future clinical trials should be carried out to study the combination of vaccines with other medications. Several studies were conducted combining traustuzumab plus E75 in hope of a synergistic effect of active immunotherapy and passive immunotherapy (104). In phase IIb, multicenter, randomized, single-blinded, controlled trial (NCT01570036), the efficacy of the combination with E-75 plus traustuzumab was evaluated in patients with HER2 low-expressing BC in the adjuvant setting. No significant difference in DFS was seen in the HER2 low-expressing BC; however, significant clinical benefit was seen in patients with TNBC (105). These findings warrant further investigation in a phase III randomized trial. GP2 is a 9 amino acid-long peptide vaccine derived from the transmembrane domain of the HER/neu protein. It binds to the HLA-A2 molecule but has poor binding affinity compared to E75 (106). A phase II clinical trial was conducted to investigate GP2 vaccine efficacy in preventing recurrence in LN+ and high-risk LN- HER2 breast cancer patients (IHC 1+–3+) in the adjuvant setting. The results of the primary analysis did not show a significant difference in response to the vaccine compared to the control group in the rate of recurrence (70). However, patients who were vaccinated with GP2+GM-CSF had a significant increase in their delayed type hypersensitivity (DTH) reaction compared to pre-vaccination (p<0.001), the post-vaccination response was significantly greater in vaccinated patients than in control patients (p<0.001). In addition, ex vivo immune responses were assessed by phenotypic clonal expansion assays and by T cell functional assays. The GP2+GM-CSF vaccine induced significant increase in both clonal expansion as well as improved CTL function compared to pre-vaccine levels while GM-CSF alone had no such effect. A post for a prospective, randomized, single-blinded, placebo-controlled, multicenter phase IIb clinical trial was presented during the 2020 San Antonio Breast Cancer Symposium (SABCS) on December 09, 2020. This trial was completed in 2018, and Kaplan–Meier analysis of DFS for patients treated with GP2 immunotherapy showed 100% survival (0% breast cancer recurrence, p=0.0338) in the HER2/neu-positive adjuvant setting after a median of 5 years of follow-up. Greenwich LifeSciences announced an update of the GP2 phase III clinical trial design at the 2021 American Association for Cancer Research (AACR) annual meeting.



Metastatic Setting

Most mBC cannot be cured by surgery and is highly dependent on systemic therapy. Therapeutic vaccines can be used in combination with other therapies as part of rescue therapy, and other studies are exploring their value as maintenance therapy for advanced breast cancer.

Therapeutic vaccines for rescue therapy for mBC have rarely been reported. Wilms tumor 1 (WT-1) is a protein with transcription factor activity involved in the maintenance of tissue homeostasis, possibly as an oncogene in BC. In a phase I clinical trial, WT-I vaccination activated WT-1-specific cytotoxic T lymphocytes (CTLs) and resulted in cancer regression with a good safety profile in 2 patients with BC with overexpression of the WT-1 gene and HLA-A*2402-possibility (107). Yang et al (108) enrolled 10 patients with advanced cancers, including mBC, and treated them with a DC-based WT-1 vaccination. Two patients had a partial response (PR), and three patients had stable disease (SD) with a disease control rate up to 50%. WT-1-specific CTL responses were enhanced in patients. CEA is overexpressed in BC and has attracted much attention as a target of vaccines. In a pilot study, the recombinant PANVAC poxviral vaccine (containing transgenes for CEA and MUC-1 and three T cell costimulatory molecules) was tested in 12 heavily pretreated metastatic BC patients. One patient demonstrated a CR lasting >37 months, and 4 patients had SD lasting >4 months. The median time to progression (TTP) was 2.5 months, and the median OS was 13.7 months (81). In another open-label phase II clinical trial, 48 patients with mBC were enrolled to receive treatment with either docetaxel with PANVAC or docetaxel alone. The median PFS was 7.9 months in the vaccination group vs 3.9 months in the docetaxel alone group, but the difference was not significant (p=0.09) (109). There was also no statistical correlation seen between the generation of TAA-specific immune responses in peripheral blood mononuclear cells and time to progression in either group. Takahashi et al. (110) developed a novel regimen of personalized peptide vaccination (PPV), in which vaccine antigens were selected and administered from a pool of 31 different peptide candidates based on the pre-existing immunoglobulin G (IgG) responses specific to peptides before vaccination. Based on previous results in cancer patients, they conducted a phase II study of PPV for metastatic recurrent breast cancer patients who had failed standard chemotherapies. Boosting of CTL and/or IgG responses was observed in most of the patients after vaccination. In addition, three CR cases and six PR cases were observed, irrespective of the BC subtypes. In a more recent early phase II study including 14 advanced metastatic triple-negative breast cancer (mTNBC) patients, the treatment protocol consisted of a weekly vaccination of mixed 19-peptide cancer vaccine monotherapy for 6 weeks. An increase in peptide-specific IgG was observed in all patients. The median OS was 11.5 months in all 14 patients and 24.4 months in the patients who completed the vaccination (111). Human telomerase reverse transcriptase (hTERT) is nearly universally overexpressed in human cancers and contributes critically to oncogenesis. A phase I clinical trial was performed to evaluate the HLA-A2-restricted hTERT I540 peptide presented with keyhole limpet hemocyanin (KLH) by ex vivo-generated autologous DCs. hTERT-specific T lymphocytes were induced in 4/7 patients after vaccination. PR was seen in 1 patient in association with the induction of CD8+ tumor infiltrating lymphocytes (112). In conclusion, although no prospective large-sample studies have confirmed the efficacy of therapeutic vaccines in the rescue therapy of advanced BC, some studies have preliminary results suggesting their effectiveness and possible prospects.

Immunosurveillance using therapeutic vaccines to trigger active immunity when remission is achieved through rescue therapy such as radiotherapy or chemotherapy suggests novel opportunities for both therapeutic and prophylactic vaccine strategies for cancer treatment. MAM-A is overexpressed in 40-80% of breast tumors. Tiriveedhi et al. (80) enrolled 14 mBC patients with stable disease and treated them randomly with the MAM-A vaccine or placebo in a phase I clinical trial. Although this trial was not powered to evaluate PFS, improved PFS was seen in vaccinated patients. A significant increase in the frequency of MAM-A-specific CD8+ T cells (0.9% + 0.5% vs 3.8% + 1.2%; p<0.001) and an increase in the number of MAM-A-specific IFNγ-secreting T cells (41 + 32 vs 215 + 67 spots per million cells (spm); p<0.001) were observed. Increased Siayl-TN (STn) expression, which is a carbohydrate epitope found on a variety of glycoproteins, including MUC-1, has been proven to be associated with the progression and poor prognosis of BC (113). Miled et al. (114) conducted the largest phase III clinical trial in 1028 mBC patients across 126 centers. Patients were administered a vaccine made of STn conjugated to the carrier protein KLH versus placebo. Although clinically significant antibody titers specific for STn were produced in patients, no significant improvement in TTP or OS was observed (115). Ibrahim et al. conducted a subgroup analysis in which patients who were also on endocrine therapy (ET) had longer TTP and OS than the control group. Moreover, vaccinated patients on ET with higher antibody responses had longer OS (41.3 vs 25.4 months; p=0.0147). In an open-label prospective study, 19 patients with mBC refractory to at least one conventional therapy were treated with the hTERT peptide vaccine, and hTERT-specific CD8+ T cells were detected after vaccination in the peripheral blood of patients and exhibited effector functions in vitro, including proliferation, IFN-gamma production, and tumor lysis. In this small sample study, the median OS was significantly longer in patients who achieved an immune response to hTERT peptide than in patients who did not (116). All the results above suggest that therapeutic vaccines are a potentially feasible option for maintenance therapy of advanced BC, but no mature vaccine has been proven to be beneficial in a large-sample clinical trial. Another important issue that should be considered is that the essential immune capability to recognize and activate antigens should be conserved before vaccination.




Future Perspectives


Tumor Stage Specific Vaccine Strategy

During cancer clonal evolution, both selection and neutral growth may progress simultaneously within the same tumor, but both styles of tumor progression may alter dynamically over time (117). Metastatic BC shows an increase in mutational burden and clonal diversity compared to early BC because genomic alterations are acquired during the evolution of cancers from their early stages (118). A multitude of epigenetic mechanisms, including DNA methylation, chromatin remodeling and posttranslational modification of histones, contribute to diversity within tumors, and the heterogeneity becomes extensive. Intratumor heterogeneity (ITH) is a key factor contributing to the lethal outcome of cancer, therapeutic failure, and drug resistance. Some claim that tumors with high heterogeneity may generate neoantigens that attract immune cells (119), but others argue that immune cells provide selection pressure that shapes tumor heterogeneity. High heterogeneity tumors are associated with higher subclonal diversity, less immune cell infiltration, less activation of the immune response, and worse survival in BC (120). Immune-infiltrated tumor regions exhibit either HLA loss of heterozygosity (LOH) or depletion of expressed neoantigens, which will eventually make it increasingly difficult to treat mBC with an immune strategy (120–122). Finding the right target antigen and intervening at the right time are the most important issues of active immunotherapy. The continuous evolution of the immune microenvironment during tumorigenesis also suggests that different modes of treatment should be considered at different stages.

Neoantigen profiles keep changing while tumor-specific mutations change during tumorigenesis and progression. Therefore, individual immune status, clonal heterogeneity and stage of disease should be fully considered, and time specificity should be realized.



Universal Vaccines

Optimal antigens should be developed from publicly mutated genes or high frequency overexpressed genes that are shared by a number of patients. A punch of such public antigens that are consumed to cover most patients with one type of cancer can be used to develop public vaccines, also named universal vaccines (123). Universal vaccines have the great advantage of convenient production and reduction in cost. In addition, preprepared vaccines that can be quickly inoculated into patients also save time and are more practical. The efficacy of universal vaccines should be ensured. One important problem should be considered except for the restriction of MHC molecules. That is, the proportion of tumor antigen expression in the population. Although more than 900,000 neoantigens have been identified through a wide examination of 20 tumor histotypes, only 24 neoantigens among a tiny fraction of patients have the potential to become public vaccines (124). Therefore, it is more feasible to develop public vaccines based on TAAs. Public vaccines have broad coverage and can improve the immune surveillance function of individuals to prevent tumor metastasis and recurrence. It is theoretically more suitable for the stage of neoadjuvant and adjuvant therapy.

From a single genome point of view, improving the antitumor effect of tumor-specific T cells and memory T cells is important for designing therapeutic vaccines. Personalized therapeutic vaccines targeting trunk or driver mutations are more effective and have a more comprehensive antitumor effect than those targeting companion or passenger mutations. In addition, the option of designing vaccines needs to be weighed between selecting a large number of target antigens to avoid immune escape and selecting antigens with good immunogenic potential.



Concurrent Therapies With Vaccination

Conventional therapies such as chemotherapy, radiotherapy and targeted therapy constantly promote the emergence of new subclones of tumor cells as a result of the pressure of clonal evolution, resulting in treatment failure. Immunotherapy, as a new therapeutic strategy, has a totally different effect on tumor heterogeneity from conventional therapy. However, patients who have received multiline conventional therapies can hardly benefit from immunotherapy. How to maximize the therapeutic effect of immunotherapy by rational arrangement of comprehensive therapy is an important direction in the future. In addition, how to exert antitumor effects of therapeutic vaccines synergistically with various therapeutic means is a hotspot. It was reported that sequential treatment with vaccine and PD-1 blockade was more effective than a simultaneous treatment regimen (125). In the PACIFIC trial, when durvalumab therapy was initiated within 14 days of completing chemoradiotherapy, better progression free survival was observed than when it was initiated after 14 days (126). Thus, timing is an important factor in obtaining abscopal effect and the optimal scheduling of vaccines, immunotherapy, radiation and chemotherapy needs to be clearly established, ideally through clinical trials. The TME is a major reason for the disappointing clinical results in addition to tumor-intrinsic resistance mechanisms, so an inflammatory TME is needed for sterile immunity (38). Except for what we have mentioned above about TME-targeting vaccines, in situ TME modulation strategies include stimulation of professional antigen presenting cells, combination with checkpoint inhibitors and depletion of regulatory T cells (Treg cells). PVX‐410 (PVX) is a multipeptide vaccine targeting X‐Box Binding Protein 1 (XBP1), and CD138 is overexpressed in TNBC. The synergistic effects of PVX‐410 and ICI pembrolizumab will be evaluated in a clinical trial (NCT03362060) for TNBC. Another phase I clinical trial (NCT02826434) tested the synergistic effects of durvalumab and PVX‐410 for TNBC. In this trial, the levels of CD8+ CTLs increased in patients 14 weeks after the first injection. The combination therapy strategy to work together with vaccines will include, but is not limited to, ICIs, antiangiogenic therapy, epigenetic regulation therapy, low intensity focused ultrasound (55) and conventional chemoradiotherapy. Cyclophosphamide to block Treg cells has been evaluated as a vaccine adjuvant in clinical trials (NCT03012100, NCT02938442). Several other ongoing trials are further assessing the application of various promising vaccination therapies in early and metastatic disease (Table 2).


Table 2 | Ongoing trials of tumor vaccine-based combination therapy for BCs (data from ClinicalTrials.gov).






Conclusion

In recent years, the application of therapeutic vaccines has been gradually accepted in the field of BC, but both the candidates and the efficacy need further study. Increasing attention has been given to the use of therapeutic vaccines to modulate the immune microenvironment and fully mobilize the body’s own immune system for active immunotherapy. However, the exploration of therapeutic vaccines for BC is still in the early stage and is bound to be long based on considering the stage of disease, personal immune status and clonal heterogeneity. Fully combining therapeutic vaccines with not only ICIs but also other multiple treatment methods may take great advantage in the future treatment of BC.
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Background

The prognostic and clinical value of tumor-associated macrophages (TAMs) in patients with breast cancer (BCa) remains unclear. We conducted the current meta-analysis to systematically evaluate the association of CD68+ and CD163+ TAM density with the prognosis and clinicopathologic features of BCa patients.



Methods

Searches of Web of Science, PubMed, and EMBASE databases were performed up to January 31, 2022. The meta-analysis was conducted using hazard risks (HRs) and 95% confidence intervals (CIs) for survival data including overall survival (OS), disease-free survival (DFS), and BCa specific survival. Sensitivity and meta-regression analyses were also conducted to identify the robustness of the pooled estimates.



Results

Our literature search identified relevant articles involving a total of 8,496 patients from 32 included studies. Our analysis indicates that a high CD68+ TAM density in the tumor stoma was significantly linked with poor OS (HR 2.46, 95% CI, 1.83–3.31, P<0.001) and shorter DFS (HR 1.77, 95% CI, 1.08–2.89, P=0.02) compared to low CD68+ TAM density. A significant association was also found in the tumor nest. Analysis of CD163+ TAM density showed similar results (all P<0.001). Notably, the pooled analysis with multivariate-adjusted HRs for OS and DFS also found that a high TAM density was significantly related to poorer outcomes for BCa patients (all P<0.05). In addition, BCa patients with high TAM density were more likely to have larger tumors, no vascular invasion, and positive estrogen receptor expression (all P<0.05).



Conclusion

This meta-analysis indicates that a high CD68+ and CD163+ TAM density is associated with poor OS and shorter DFS in BCa patients. Further clinical studies and in vivo experiments are needed to elucidate the underlying mechanism of TAMs.



Systematic Review Registration

https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42022304853, identifier CRD42022304853.
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Introduction

Breast cancer (BCa) is one of the most frequent cancers among malignant diseases in women and is the leading cause of cancer-related deaths worldwide (1). Recently, BCa has exhibited a trend of early age onset, further threatening women’s health and global disease burden (2). Despite great achievements in the diagnosis and clinical treatment of BCa, overall survival (OS) has not significantly improved, especially for patients with advanced-stage or triple-negative BCa (3, 4). Traditional prognostic indicators, such as TNM classification scheme, histological grade, progesterone receptor (PR), estrogen receptor (ER), and human epidermal growth factor receptor-2 (HER2), can not fully represent tumor biological behavior and BCa prognosis (5–7). Therefore, there remains a large unmet demand for novel effective biomarkers with superior prognostic and predictive power to deliver personalized and precise treatment for BCa.

Recently, the tumor microenvironment (TME) has gained increased interest in BCa research. Both clinical and pre-clinical studies found a mixture of tumor cells and host-activated immune cells including B cells, natural killer cells, and tumor-associated macrophages (TAMs) that predominated on the BCa TME (8, 9). It was demonstrated that tumor-associated immune cells are associated with tumor progression, metastasis, and acquired resistance. TAMs are the main component of the TME, accounting for approximately 50% of TME cells, playing a crucial role in antigen presentation, angiogenesis, tissue repair, and tumor cell apoptosis (10). TAMs can be classified into two main functional subtypes including classically activated M1 and alternatively activated M2 macrophages (11). Generally, M1 macrophages exert cytotoxic effects on cancer cells via proinflammatory cytokine molecules such as lipopolysaccharide, interleukin-12, and interferon-γ. In contrast, M2 macrophages function as “tumor promotors”, which facilitate tumor cell invasion and metastasis and restrain anti-tumor immune response (9, 12).

Several studies focused on the prognostic significance of TAMs among different cancers, such as lung (13), liver (14), gastric (15), pancreatic (16) cancer, and BCa (17). The prognostic value of TAMs remains controversial and the results highly depend on macrophage subtypes and TAMs locations (18). This systematic review and meta‐analysis was conducted to evaluate the impact of different TAMs markers and histologic locations on BCa prognosis. We also analyzed the association between TAMs infiltration and BCa clinicopathologic features. A clearer understanding of TAMs infiltration modes and prognostic value would be helpful to improve treatment efficacy in BCa.



Methods

This meta-analysis was performed in accordance with the Meta‐Analyses and Systematic Reviews of Observational Studies (MOOSE) (19) and Preferred Reporting Items for Systematic Reviews and Meta‐Analyses (PRISMA) guidelines (20). The meta-analysis is registered with PROSPERO (CRD42022304853).


Literature Search

Two investigators (WCJ and LY) independently searched the Web of Science, PubMed (MEDLINE), and EMBASE databases for potential studies published in journals until January 31, 2022, without any language limitation. The main key words were “tumor-associated macrophages” + “breast cancer”, and a detailed search strategy is shown in Supplementary Table 1. We also conducted forward and backward citation tracking to avoid missing any relevant literature. Unpublished literature and conference papers were not included. All studies reporting TAMs and BCa were included and screened by two authors independently based on the inclusion criteria.



Inclusion Criteria

We included studies reporting TAMs associated with BCa that met the following inclusion criteria: (i) patients with pathologically diagnosed BCa; (ii) BCa patients without any previous cancer history; (iii) TAMs were measured at the primary tumor site using immunohistochemistry (IHC) staining for CD68 and CD163; and (iv) the study design was a cohort study or case-control study, evaluating the association of TAMs with survival data [OS, breast cancer specific survival (BCSS), disease-free survival (DFS)] and other clinical outcomes.



Exclusion Criteria

We excluded studies measuring TAMs at metastases or local relapse sites. Comments, reviews, conference abstracts, and case reports were also excluded from our meta-analysis.



Quality Assessment and Data Extraction

The quality of each selected study was independently evaluated by two experienced researchers using the modified Newcastle–Ottawa Scale (NOS) based on the current PRISMA guidelines (21). The researchers focused on measurement and selection bias because most studies included in this review were cross-sectionally designed. Studies obtained a NOS score based on three evaluation indicators including study comparability, patient selection, and outcome assessment. Eligible studies were graded as high quality with a NOS score ≥6. A third researcher resolved any disagreements and made the final decision for candidate articles.

Two authors independently extracted the data from the studies using a standardized data extraction form. The following data were extracted: name of the first author, publication year, country, study design, study period, sample size, age, treatment received, tumor size, histologic type, histological grade, the status of ER, PR, HER-2, and Ki-67 (positive or negative), macrophage markers, macrophage location site [tumor nest (TN) or tumor stroma (TS)], follow-up time, OS, DFS, and BCSS with adjusted or unadjusted hazard ratios (HRs) and 95% confidence interval (CIs). TAMs in the TN was defined as intraepithelial tumor-infiltrating macrophages, and TS was defined as the stromal tissue surrounding the tumor nest. We also collected prognostic information from studies that only reported a Kaplan–Meier (KM) plot and a P-value derived from log-rank analysis. HRs and 95% CIs were extracted from KM plots using Engauge Digitizer version 4.1 (free software downloaded from http://sourceforge.net) and calculated as previously described (22) . The low TAM group was used as a reference to calculate HRs. If the high TAM group was considered as a reference in the included study, then the relevant measures were inverted to ensure data uniformity. The corresponding author of the included study was contacted if there were any unclear or missing data.



Statistical Analysis

The statistical analysis was performed according to the recommendations from The Cochrane Collaboration. The HR with 95% CI was used to evaluate the association between TAM density and survival. The odds risk (OR) with 95% CI for the difference in clinicopathological features was used to measure dichotomous data. Heterogeneity across studies was assessed using the Cochran Q test and the I2 statistics. For I2 statistics, we considered I2<25% as low heterogeneity and I2> 5% as high heterogeneity. Data were also analyzed with a fixed-effects model for P > 0.10 and I2<50%; otherwise, the random-effects model was applied. We performed meta-regression analysis to analyze the role of potential contributors to heterogeneity using the “metafor” package in R software (Version 4.0.2; R Foundation for Statistical Computing, Vienna, Austria). Subgroup analysis and sensitivity analysis were also conducted to identify the source of heterogeneity. Potential publication bias was evaluated using funnel plots. All statistical analyses were conducted using Review Manager Version 5.3 software (The Nordic Cochrane Center, The Cochrane Collaboration, 2014, Copenhagen). A two-tailed P-value <0.05 was considered statistically significant.




Results

A total of 14,781 articles were found in our initial search, and 3,145 duplicated articles and irrelevant studies were removed. After reviewing the title and abstract, 11,368 studies were excluded; after reviewing the full text 38 articles were excluded. Finally, 32 unique studies were included in the meta-analysis (Supplementary Table 2). The detailed screening method and results are presented in Figure 1.




Figure 1 | Flow diagram of article selection.




Basic Characteristics and Quality Assessment

The main characteristics of the enrolled studies are summarized in Table 1. We included 32 studies in our meta-analysis that were published between 1996 and 2021 and conducted in 10 countries from 1985 to 2018 (England, Japan, America, UK, Sweden, China, Finland, Republic of Korea, Singapore, Germany). A total of 8,496 patients were included in the eligible studies, with the reported age from 23 to 97 years.


Table 1 | Characteristics of studies included in the meta-analysis.



For TAM identification, 28 studies used CD68 and 12 studies used CD163, among which three studies used a combination of CD68 and PCNA. Five studies explored the role of TAMs in both TN and TS, 18 studies only detected TAMs in TN, and nine studies only included TAMs in TS. The majority of studies used the median number of macrophages per high-power field as the cut-off value to divide TAMs into the high and low TAM groups. Moreover, most studies assessed the association between TAMs and the prognosis of BCa patients, including OS (25 studies), DFS (24 studies), and BCSS (seven studies). The reported follow-up time ranged from 0.1 to 20.4 years. The NOS scores of all included studies ranged from 6 to 8 (Table 1).



Prognostic Significance of CD68+ TAMs

A total of 15 studies were included in the analysis of CD68+ TAMs on survival data in patients with BCa using the fixed-effect model for the absence of heterogeneity (all I2<50% or P>0.10). Our meta-analysis indicated that a high CD68+ TAM density was significantly associated with poor OS compared to a low CD68+ TAM density in the TN with a pooled HR of 1.72 (95% CI 1.44–2.06, P<0.001) and in the TS with a pooled HR of 2.46 (95% CI, 1.83–3.31, P<0.001) (Figures 2A, B). For adjusted measurements of OS from five studies, the results also supported a poor OS in patients with a high CD68+ TAM density in the TN (HR 2.37, 95% CI 1.69–3.31, P<0.001) (Figures 2C, D). The results were similar for the association between CD68+ TAMs and BCSS in the TN (HR 1.25, 95% CI 1.03–1.52, P=0.03) and TS (HR 2.23, 95% CI 1.68–2.96, P<0.001) (Supplementary Figure 1A). However, there was no significant association between CD68+ TAMs and BCSS in the TN (HR 0.83, 95% CI 0.33–2.08, P=0.70) after excluding the study of Mahmoud et al. for high weight (84.9% of total weight), and the study of Murri et al. for high weight (69.3% of total weight in remaining four studies) (Supplementary Figure 1B).




Figure 2 | Forest plots of HRs for OS between high and low CD68+ TAM density in BCa patients. (A) HRs of OS in raw data for CD68+ TAMs in the TN of BCa; (B) HRs of OS in raw data for CD68+ TAMs in the TS of BCa; (C) HRs of OS with adjusted measures for CD68+ TAMs in the TN of BCa; (C) HRs of OS with adjusted measures for CD68+ TAMs in the TS of BCa.



A total of 14 studies were eligible to assess the correlation between CD68+ TAMs and DFS. The results showed that a high CD68+ TAM density in the TS was significantly correlated with shorter DFS compared to a low CD68+ TAMs density (HR 1.77, 95% CI 1.08–2.89, P=0.02) in a random-effects model with significant heterogeneity (I2 =90%, P<0.001). No significant difference was found in the TN (HR 1.04, 95% CI 1.01–1.07, P=0.02) (Figures 3A, B). However, the results showed that a high CD68+ TAM density in the TN was significantly correlated with shorter DFS (HR 1.50, 95% CI 1.19–1.89, P<0.001) after excluding the study of Leek et al. accounting for 98.4% of total weight (Supplementary Figure 1C). For adjusted measurements of DFS from 12 studies, the results support a poor DFS in patients with a high CD68+ TAM density (TN: HR 1.24, 95% CI 1.06–1.46, P=0.008; TS: HR 2.10, 95% CI 1.59–2.77, P<0.001) (Figures 3C, D), and the results still support a poor DFS in patients with a high CD68+ TAM density (TN: HR 1.52, 95% CI 1.16–2.01, P=0.003; TS: HR 1.96, 95% CI 1.27–3.02, P=0.003) even after excluding the studies of Mahmoud et al. and Yuan et al. accounting for 66.2% and 59.0% of the total weight, respectively (Supplementary Figure 1D, E).




Figure 3 | Forest plots of HRs for DFS between high and low CD68+ TAM density in BCa patients. (A) HRs of DFS in raw data for CD68+ TAMs in the TN of BCa; (B) HRs of DFS in raw data for CD68+ TAMs in the TS of BCa; (C) HRs of DFS with adjusted measures for CD68+ TAMs in the TN of BCa; (D) HRs of DFS with adjusted measures for CD68+ TAMs in the TS of BCa.





Prognostic Significance of CD163+ TAMs

The following meta-analysis was conducted using the fixed-effect model for the absence of heterogeneity (all I2<50% or P>0.10), except for adjusted measurements of OS in the TN (I2 =79%, P=0.009). A total of nine studies were eligible to assess the association of CD163+ TAMs and survival data in patients with BCa. The results showed that a high CD163+ TAM density in the TN was significantly associated with poor OS (HR 1.50, 95% CI, 1.22–1.86, P<0.001), especially in the TS with a pooled HR of 2.17 (95% CI, 1.67–2.82, P<0.001) (Figures 4A, B). For adjusted measurements of OS from seven studies, the results also support a poor OS in patients with a high CD68+ TAM density (TN: HR 3.08, 95% CI 1.18–8.02, P=0.02; TS: HR 2.71, 95% CI 1.35–5.46, P=0.005) (Figures 4C, D). There was no significant association between CD163+ TAMs and BCSS in the TN (HR 1.17, 95% CI 0.45–3.05, P=0.74), but only two studies were included in this analysis (Supplementary Figure 1F).




Figure 4 | Forest plots of HRs for OS between high and low CD163+ TAM density in BCa patients. (A) HRs of OS in raw data for CD163+ TAMs in the TN of BCa; (B) HRs of OS in raw data for CD163+ TAMs in the TS of BCa; (C) HRs of OS with adjusted measures for CD163+ TAMs in the TN of BCa; (D) HRs of OS with adjusted measures for CD163+ TAMs in the TS of BCa.



For the correlation between CD163+ TAMs and DFS, the results indicated that a high CD163+ TAM density was significantly associated with shorter DFS both in the TN (HR 1.45, 95% CI 1.19–1.77, P<0.001) and TS (HR 2.48, 95% CI 1.87–3.27, P<0.001) (Figures 5A, B). For adjusted measurements of DFS from eight studies, the random-effects model was used to obtain HRs and the corresponding 95% CIs because the pooled data exhibited high heterogeneity (TN: I2 =61%, P=0.05; TS: I2 = 62%, P=0.03). The results also supported a poor DFS in patients with a high CD163+ TAM density (TN: HR 2.52, 95% CI 1.56–4.07, P<0.001; TS: HR 2.84, 95% CI 1.35–5.97, P=0.006) (Figures 5C, D).




Figure 5 | Forest plots of HRs for DFS between high and low CD163+ TAM density in BCa patients. (A) HRs of DFS in raw data for CD163+ TAMs in the TN of BCa; (B) HRs of DFS in raw data for CD163+ TAMs in the TS of BCa; (C) HRs of DFS with adjusted measures for CD163+ TAMs in the TN of BCa; (D) HRs of DFS with adjusted measures for CD163+ TAMs in the TS of BCa.





Association Between TAMs (CD68+ or CD163+) and Clinicopathological Characteristics

We also analyzed the association between TAMs (CD68+ or CD163+) and clinicopathological characteristics in patients with BCa. The pooled results indicated that a high CD68+ TAM density was not significantly associated with age, lymph node status, histology classification, and PR in the TN or TS (all P>0.05) (Table 2). However, our meta-analysis using a random-effects model also revealed that a high CD68+ TAM density in the TN was significantly associated with larger tumor size (OR 0.36, 95% CI 0.15–0.85, P=0.02), no vascular invasion (OR 0.40, 95% CI 0.28–0.58, P<0.001), positive Ki-67 (OR 4.23, 95% CI 1.33–13.48, P<0.001), positive ER (OR 2.23, 95% CI 1.19–4.18, P=0.01), and negative HER-2 (OR 0.08, 95% CI 0.05–0.14, P<0.001), with significant heterogeneity (all I2 > 50%).


Table 2 | Meta-analysis of high CD68+ TAMs density and clinicopathological features of breast cancer patients.



For the association between high CD163+ TAM density and clinicopathological characteristics, pooled analysis showed a significant correlation between high CD163+ TAMs in the TN and age ≥ 50 years (OR 0.21, 95% CI 0.13–0.34, P<0.001, random-effects model), large tumor size (OR 0.34, 95% CI 0.12–1.00, P=0.05, random-effects model), no vascular invasion (OR 0.56, 95% CI 0.38–0.82, P=0.003, fixed-effects model), and positive ER (OR 3.55, 95% CI 2.58–4.88, P<0.001, fixed-effects model) (Table 3). However, the results of the TS showed no significant association between high CD163+ TAM density and any clinicopathological characteristics, which could be due to insufficient CD163+ TAM data.


Table 3 | Meta-analysis of high CD163+ TAMs density and clinicopathological features of breast cancer patients.





Heterogeneity

We used meta-regression analysis to quantitatively analyze the source of heterogeneity found in Figure 4B. A P-value <0.1 could be considered the main source of heterogeneity. The results of univariate analysis showed that region, year, sample size, and cut-off value for high or low TAM density may not be the main sources of heterogeneity between studies (Table 4). Multivariate analysis also showed that region, year, sample size, and cut-off value may not be a major source of between-study heterogeneity. Subgroup analysis was also conducted for CD68+ TAM density in the TS associated with DFS. The quantitative data for these subgroups are summarized in Supplementary Table 3. Subgroup analysis also showed that region, year, sample size, and cut-off value were not the potential sources of heterogeneity (all P>0.05).


Table 4 | Univariable and multivariable meta-regressions for variables.





Sensitivity Analysis

Due to the significant heterogeneity of CD68+ TAMs and DFS data, sensitivity analysis was conducted to evaluate the stability of the pooled HRs. After excluding individual studies one by one, the pooled HRs did not substantially change. Similarly, we performed sensitivity analysis for the association between CD163+ TAMs and OS data in the TN. When we removed the article by Jeong et al., we found that high CD163+ TAM density in the TN was associated with better OS with no significant heterogeneity (HR 4.30, 95% CI 2.86–6.47, P<0.001, I2 =0%, P=0.39).



Publication Bias

We examined potential publication bias using funnel plots when the meta-analysis was conducted with more than five studies. The results showed no significant publication bias for TAMs (CD68+ or CD163+) with OS and DFS (Supplementary Figures 2, 3).




Discussion

As the leading cause of death among women, BCa remains a significant global health threat, and new therapeutic strategies are required. TAMs are regarded as a potentially promising target for cancer treatment, and increasing studies have explored the possibility to suppress their tumor-promoting activity (54). Recent ongoing pre-clinical TAM-targeted studies indicated that TAMs are closely associated with poor prognosis and BCa progression (55, 56). Given the discordent conclusions among previous studies, the present meta-analysis was conducted to assess the association between TAMs and BCa prognosis.

This meta-analysis included 32 studies analyzing the prognostic value of TAMs in BCa. A total of 15 studies detected TAMs using a CD68+ biomarker, and 11 and eight of these studies identified TAMs in the TN and TS, respectively. CD163 was used in nine studies to identify TAMs, of which six and seven studies evaluated TAMs in the TN and TS, respectively. We systemically analyzed the association between TAMs (CD68+ or CD163+) and OS and DFS in BCa patients. The present study concluded that a high TAM density in the TME was significantly associated with poor prognostic (OS, and DFS) compared to a low TAM density, irrespective of TAM marker (CD68+ or CD163+, all P<0.001). Notably, the pooled results were further strengthened by OS and DFS multivariate analyses showing that a high TAM density was significantly related to poorer outcomes (all P<0.05). Compared to TAMs detected in the TN, a high TAMs density detected in the TS seems to show relatively higher prognostic value for BCa patients, validated both for CD68+ and CD163+ TAMs. We also analyzed the association between TAMs and clinicopathological characteristics in BCa patients, which indicated that a high TAM density was closely associated with larger tumor size, no vascular invasion, and positive ER. However, the heterogeneity was very large, requiring further clinical studies with larger sample sizes to validate this conclusion.

The conclusion of the present study is in line with two previous meta-analyses, involving 16 studies (57) and 13 studies (58), respectively. The study by Zhao et al. also showed a worse OS in the TS group compared to the TN group (57). Our findings are consistent with these studies, highlighting the significant prognostic value for TAMs in BCa patients. However, there were contradictory conclusions regarding the prognostic value of CD68 and CD163. Zhao et al. reported that CD68 was a more sensitive prognostic indicator than CD163 in BCa patients, while Ni et al. reported the opposite result. Our results indicated that both CD68+ and CD163+ TAMs were significantly related to poor OS and shorter DFS in both raw and adjusted measures. Compared with previous studies, the present meta-analysis has the advantage of a much larger sample size and more included studies, thus providing more reliable conclusions. Our subgroup analysis for different TAM locations (TN and TS), as well as for raw or adjusted measures, provides more insight into the value of TAM location for BCa prognosis.

Our study also found that a high TAM density in the TS tended to have superior prognostic value for BCa than TAMs in the TN. This finding was not only presented for BCa (50, 59), but also for gastric cancer (15) and oral squamous cell carcinoma (60). TAMs are prone to localize in certain cancer tissues and exhibit different biological behaviors (61). A previous study suggested that different histological locations could induce TAMs to perform distinct functions (62). High TAM density in the TS tended to cause stroma activation and extracellular matrix (ECM) remodeling, via interacting with other stromal components including lysyl oxidase, matrix metalloproteinase-9, and type IV collagen (63, 64). Fibroblasts and microvessels are the main supporting components for promoting angiogenesis and tumor metastasis. Activation of ECM remodeling enzymes might limit the function of immune cells and keep them out of the tumor (65). The consequences of these factors can result in tumor enlargement and potentially metastasis. However, these niches may be reshaped by anti-cancer therapy. For instance, immunotherapy increased the number of tertiary lymphoid structures, and anti-angiogenic therapy remodeled perivascular system and stroma niches (66). Moreover, several cytotoxic and targeted therapies have been shown to alter the comprehensive phenotype of tumor macrophages (67; 66) .

Although the present meta-analysis indicated that a high TAM density (both in CD68+ and CD163+) is associated with poor prognosis in patients with Bca, the results still need to be treated with caution. CD68 is a universal macrophage marker, as it stains both M1-like and M2-like TAMs, which exerts opposing effects on carcinogenesis. This may be the reason why CD68 was not an independent risk factor for prognosis in some multivariate analyses (29, 30, 46). CD68 can also be detected on some other non-monocyte cells (e.g. fibroblasts) (68, 69). Therefore, CD68 alone may not be a good marker of TAMs to predict OS. CD163 is a highly specific marker for M2-like macrophages. A previous study suggested that the presence of CD163+ TAMs was significantly associated with less favourable clinicopathological features than CD68+ TAMs (29). It has been found that TAMs tend to polarize to M2 in the TME, and their surface receptors and cytokines secreted are similar to M2-like macrophages (70). As a specific and predominant marker of macrophages in BCa, CD163 could be used as a general marker with prognostic impact alone or immunohistochemical double-staining with CD68 to detect macrophage subpopulations and calculate the ratio of M1/M2.

Furthermore, the subgroup analysis indicated that high TMA density was closely related to BCa patients with larger tumor size, no vascular invasion, or positive ER status. This implies that TAMs density may have prognostic, even therapeutic, value for BCa. A study by Castellaro et al. also reported that TAMs could promote proliferation, migration, invasiveness, and breast tumor growth of ER+ cells via rendering these estrogen-dependent breast cancer cells resistant to estrogen withdrawal and tamoxifen treatment (71). Therefore, TAM-targeted therapy may help improve BCa prognosis. Currently, several clinical trials on TAM-targeted therapy have been carried out. Interventions targeting TAMs include macrophages depletion, inhibition of macrophage-derived cytokines, anti-TAMs activation, chimeric antigen receptor macrophage (CAR-M) therapy, TAMs-based immune vaccine, and TAMs nanobiotechnology (70). CCL2, CSF-1, and CSF-1R inhibitors have been shown to effectively lower TAM density in both an animal model and clinical trials. (72–74). Given that M1 macrophages exert cytotoxic effects on cancer cells, another novel strategy could focus on inducing pro-tumor TAMs to an anti-tumor phenotype or M1 phenotype using typical agents such as CD40 agonists, CD47 inhibitors, STAT3 inhibitors, Bruton’s tyrosine kinase (BTK) inhibitors, IL-1Ra inhibitors, and TLR agonists (72, 75, 76), However, despite numerous ongoing clinical and pre-clinical trials on TAM-targeting therapies, a further in-depth understanding of the underlying mechanism of TAMs-related carcinogenesis and the complexity of TAM subsets would be essential to fully realize their therapeutic potential.

There are several important strengths of this meta-analysis. First, the present study was the meta-analysis with the largest sample size, including several recently published papers, and thus the pooled results would be more reliable than previous studies. Second, our meta-analysis included different TAMs locations (TN and TS), which adds new information for the impact of TAM location on BCa survival. Third, our results indicated that a high TAM density is significantly related to poorer outcomes, especially for TAMs in the TS, as a useful prognostic marker. Fourth, given that preoperative adjuvant therapy might disturb TAM density, especially for large tumors, ER positive, and Ki-67 positive patients, the reliability of the results may be compromised. Most included studies excluded patients receiving preoperative neoadjuvant chemotherapy or anti-HER2 therapy, increasing the homogeneity of the study population and strengthening the conclusions.

Several limitations of our meta-analysis should be acknowledged. First, there is currently no consensus on the cut-off values of TAMs in BCa, as previous studies did not set a unified criterion. Most included studies adopted a median value as the cut-off for high/low TAMs. Although there is a concern that the inconsistent cut-off values used in the included studies may potentially introduce bias, the univariate and multivariate meta-regression analysis in the present study both demonstrated that the cut-off value was not the potential sources of heterogeneity, indicating studies using different cut-off value were homogeneous, further strengthening the final conclusions. Future large-scale randomized controlled trials and meta-analyses base on individual patient data are warranted to further elucidate the correlation between TAMs and BCa prognosis. Second, there was significant heterogeneity among the analysis of TAMs and clinicopathological features, even when making a distinction between TAM locations. The heterogeneity might be derived from the different antibodies and dilution applications to detect TAM density. Similarly, the cut-off value of Ki-67 expression (14% or 20%) varied in the included studies, which might have introduced heterogeneity. Third, all included articles were retrospective studies, which may have led to selection bias in the pooled results. Fourth, excessive differences in the range of sample sizes may have increased the weight of the studies with big sample sizes in the pooled results and increased systematical biases. Therefore, future studies with larger sample sizes are required to validate the conclusions of our study.



Conclusion

In summary, the present systemic review and meta-analysis indicates that an elevated density of CD68+ and CD163+ TAMs is associated with poor OS and shorter DFS in BCa patients. Due to the limitations in our study, further well-designed studies with larger sample sizes are needed to validate our conclusion.
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Breast cancer is one of the leading causes of mortality in females. Over the past decades, intensive efforts have been made to uncover the pathogenesis of breast cancer. Interleukin-6 (IL-6) is a pleiotropic factor which has a vital role in host defense immunity and acute stress. Moreover, a wide range of studies have identified the physiological and pathological roles of IL-6 in inflammation, immune and cancer. Recently, several IL-6 signaling pathway-targeted monoclonal antibodies have been developed for cancer and immune therapy. Combination of IL-6 inhibitory antibody with other pathways blockage drugs have demonstrated promising outcome in both preclinical and clinical trials. This review focuses on emerging studies on the strong linkages of IL-6/IL-6R mediated regulation of inflammation and immunity in cancer, especially in breast cancer.
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Introduction

Breast cancer is one of the leading diagnosed cancers in women with high mortality. According to International Agency for Research on Cancer (IARC), there were 2,261,419 women diagnosed with breast cancer in 2020 worldwide. It is a common cause of cancer-related death especially in less developed countries. Despite the recent advanced technique in breast cancer screening and early diagnosis, the high morbidity and mortality rates urge the need of investigation into the molecular mechanism of breast cancer.

Genome wide analyses have recently demonstrated thousands of mutations accumulated in breast cancer cells (1). In addition, as a multifactorial disease, the etiologies of breast cancer include not only distinct inherent factors such as genetic status, but also environmental factors such as obesity, lifestyle, and chronic inflammation (2).

Accumulating studies have been performed on the relationship between inflammation and cancer (3). It is well-accepted that inflammatory diseases could increase the risk of cancer development during tumor initiation, promotion, progression, and metastasis (3–6).

As one of the best-characterized pro-tumorigenic cytokines, IL-6 has been studied extensively for its central role in both physiological and pathological processes (7). Previous studies indicated that IL-6 regulate the pro-inflammatory and enhance monocyte infiltration at the inflammatory site during chronic inflammation (8). IL-6 responsive tissues would become resistant gradually during chronic inflammation, which correlated with high basal level of IL-6 (9, 10). IL-6 was also elevated in many solid tumors including breast cancer (11–13), which correlated with poor prognosis and metastasis (14, 15). The current review will further discuss the intricate relationship between IL-6, inflammation, and breast cancer.



The IL-6 Signaling Pathways and Functions


The Il-6 Signaling Pathway

Human IL-6 is a 26 kDa glycoprotein known as a B-cell differentiation regulator (16) which is secreted by a number of cells (17). IL-6 is a multifunctional cytokine that plays both pro-inflammatory and anti-inflammatory roles in humans (18). IL-6 is a single chain phosphorylated glycoprotein consisting of four helix bundles (A-D), with A and B run in one direction while C and D run in the opposite direction. IL-6 transmits its signals through a cell-surface type-I receptor complex, which consists of the membrane-bound IL-6 receptor (IL-6R) and a signal-transducing component gp130 homodimer (19). IL-6R is expressed on a limited number of cell types, such as macrophages, B cells and subtypes of T cells (20, 21). IL-6R is 80 kDa α-chain and is also called as CD126 consisting of three domains namely D1, D2 and D3. Besides the membrane bound receptor (mIL-6R) as previously mentioned, soluble (sIL-6R) is the other form of IL-6R, which is expressed mainly in hepatocytes, neutrophils, monocytes, and T-cells (22). IL-6 selectively activates different signaling pathways, the classical signaling pathway through mIL-6R, and the trans-signaling pathway through sIL-6R. In both the cases, IL-6 binds to the receptor and then to gp130, but elicits different biological effects depending upon the receptor form (23). Cytokine IL-6 triggers the anti-inflammatory responses through classic signaling by binging to mIL-6R and gp130, while in contrast, trans-signaling can be manifested in all gp130-expressing cells, and leads to pro-inflammatory responses (24). The sIL-6R can be found at circulation with concentration from 25 to 35 ng/ml in human, which is generated by proteolytic cleavage of the membrane bound form IL-6R and by proteolytic cleavage of metalloproteinases gene family members, or by alternative splicing of IL-6R mRNA (25). There are three routes of the IL-6 signaling pathway. In route 1, Janus kinase (JAK) is phosphorylated and activated, subsequently activates dimerization of signal transducer and transcription-3 (STAT3) (26). In route 2, JAK activates Ras/Raf pathway, causing hyperphosphorylation of mitogen activated protein kinases (MAPK) and incudes its serine/threonine kinase activity (23). The third route involves the activation of phosphoinositol-3 kinase (PI3K)-protein kinase B (PKB)/Akt pathway (27).



IL-6 and Immunity

IL-6 is secreted by largely plasmacytoid dendritic cells (pDCs), which is critical for differentiation from B cells to plasma cells (28). This cytokine is also a vital modulator to maintain dynamic balance between Th1 and Th2 immune cells (29). For example, IL-6 is necessary during the differentiation from Th1 to Th2 cells (30). The process was proved to interfere with IFN-γ production via up-regulation of suppressor of cytokine signaling 1 (SOCS1) and SOCS3 in CD4+T cells (31). Meanwhile, together with transforming growth factor-β (TGF-β), IL-6 could promote the differentiation of Th17 cells via activating both retinoic acid-related orphan receptor γt (RORγt) and RORα (32). It was reported that STAT3 mediated the effectiveness of IL-6 on Th17 differentiation and this cytokine could inhibit the activity of Treg cells (33). Therefore, IL-6 is regarded as the main regulator of Treg/Th17 equilibrium (34).

IL-6 also plays a vital role in early differentiation of T follicular helper cells (Tfh), the main T helper cell subtype provides support for germinal center formation, affinity maturation, and immune cells’ generation. Early BCl6+/CXCR5+/Tfh differentiation would be mostly interfered in the case of IL-6 absence which was proved to mediate by STAT1 and STAT3 (35).

Novel agents against the IL-6/IL-6R signaling pathway have been proved to be effective for some inflammatory diseases. Preclinical studies have demonstrated that IL-6 has crucial functions in inflammatory cells recruitment (36). Tumor-associated macrophages (TAMs) secreted IL-6 and plays critical role in carcinogenesis and differentiation of myeloid-derived suppressor cells (MDSCs), which gives rise to intra-tumoral inflammatory processes (37, 38). A previous study demonstrated that inhibition of NF-κB decreased the stem cell compartment, which in turn reduced blood vessel formation in breast cancer (39). In addition, high expression of IL-6R on liver cells led to recruitment of acute phase proteins (40). High expression levels of acute phase proteins including CRP, fibrinogen and serum amyloid protein A were identified during both acute and chronic disease (41, 42). Interestingly, clinical observation found that CRP levels in patients with severe bacterial infections were not elevated when IL-6 was absent (43). Further studies demonstrated that blocking IL-6 signaling by neutralizing antibody may reverse low serum level of CRP (44). However, the application of IL-6/IL-6R blockers as anti-cancer agents has not been proved intensively in cancers including breast cancer.



IL-6 and Stem Cell

IL-6 family cytokines play an important role in generation and maintenance of stem/progenitor cells including cancer stem cells (CSCs) (45). As a member in IL-6 family, leukemia inhibitory factor (LIF) has an crucial role in both embryonic stem (ES) cells and cancer development (46), which is necessary to maintain mouse ES cells in an undifferentiated condition via STAT3 activation (47). Active LIF was detected in a wide range of malignancies including lung, breast, stomach, colon, liver, gallbladder, and pancreatic carcinoma (48). Once activated, STAT3 may induce gene expression including c-Myc, which contribute to the maintenance of undifferentiated state in mouse ES cells (49). It is also reported that IL-6 increased pluripotent stem (iPS) cell population by inducing c-Myc and Pim1 (50). The transcription factor C/EBPδ, was reported to be pro-tumorigenic in breast cancer cell lines by directly targeting IL-6R, leading to cancer progression with cancer stem cells activation (51). The IL-6-JAK1-STAT3 pathway has a vital function in the transition from non-CSCs into CSCs by regulating OCT4 in human breast cancer cell lines (52). In lung cancer CSCs, IL-6Rα was detected in CSCs (53), whereas STAT3 was necessary for proliferation and survival in colon cancer-initiating cells (54, 55). It was reported that constitutive activation of STAT3 and NF-κB signaling in glioblastoma CSCs regulate Notch pathway, which played a key role in CSC maintenance and cell survival (56). STAT3 activation by IL-6 from adipose-derived stem cells could promote endometrial carcinoma proliferation and metastasis (57).

IL-6 is also crucial for epigenetic modification in stem cells (58, 59). NF-κB and STAT3 were identified as key regulators in epigenetic switch in inflammation (60, 61). Recently, a positive feedback loop involving microRNA let-7 has been demonstrated for maintaining chronic inflammatory status in malignant cells (60). Interestingly, this feedback loop regulated by IL-6 signaling could in turn activate NF-κB pathway and its downstream targets such as let-7 and Lin-28. Similarly, IL-6 was proved to be essential in keeping inflammatory loop in breast cancer CSCs (60, 61). In summary, IL-6 signaling plays a regulatory role in controlling cancer cell growth, CSC renewal and metastasis (62).



IL-6 and Tumor Microenvironment

Tumor microenvironment contributes significantly towards potentiating the stemness and metastasis properties of cancer cells. Solid tumors, including breast cancer cells were reported to have intense interaction with stromal cells such as mesenchymal stem cells (MSCs), adipocytes, cancer associated fibroblasts (CAFs), endothelial cells and immune cells in tumor microenvironment (63). Majority of these stromal cells within tumor microenvironment could secrete both IL-6 and IL-8 (63, 64). Mesenchymal cells could be either recruited from bone marrow (65) or normal breast stroma (66). In breast tumor cells, it has been identified that MSCs could be selectively recruited to the sites of growing carcinoma through cytokine such as IL-6 and CXCL7, where they interact with breast cancer CSCs (65, 66). In addition, MSCs are capable to differentiate into CAFs as well as adipocytes, which also interact with cancer cells (67).

CAFs have been demonstrated to have the ability to support tumorigenesis by stimulating angiogenesis, cell proliferation and invasion (68). CAFs in breast tumors expressed high levels of IL-6 (68, 69), which mediated epithelial-stromal interactions and promoted tumorigenesis (70). CAFs were reported to induce trastuzumab resistance in HER2 positive breast cancer cells (71). More importantly, IL-6 could in turn reactivate breast stromal fibroblasts through STAT3-dependent manner (72). CAFs could affect intra tumoral CD8+ and FoxP3+ T cells via IL-6 in tumor microenvironment (73). Recent findings also indicated miR-149’s role in the crosstalk between tumor cells and CAFs, which highlighted the potential therapeutic strategy using interfering miRNAs (74). There was growing evidence support that CAFs promote stem cell-like properties of hepatocellular carcinoma via IL-6/STAT3/Notch signaling pathway (75).

In a recent study, a novel developed liposomal nanoparticle loaded with anti-IL6R antibody which deliver to tumor microenvironment achieved a significant effect in inhibiting the metastasis of breast cancer cells in mouse models (76).

Obesity has been recently identified as a negative prognostic factor in breast cancer (77, 78), which appears to be independent of menopausal status, tumor stage, and hormone-related factors (79). According to the reported literature, adipocytes produced inflammatory cytokines such as IL-6 in obesity individuals (80). IL-6 was reported to mediate crosstalk between preadipocytes and breast ductal carcinoma in situ cells which may lead to progression of early-stage breast cancer (81). In addition, adipose-derived stem cells (ADSCs) promoted tumor initiation and accelerated tumor growth through IL-6 production (82). Obesity was suggested to induce resistance to anti-VEGF therapy in breast cancer by up-regulating IL-6 (83).




IL-6’s Functional Role in Breast Cancer Development


Experimental Studies

The predominant role of IL-6 in cancer is its key promotion of tumour growth. It has been demonstrated that deregulated IL-6 signaling pathway plays important roles in proliferation, migration, and adhesion among tumors (84–87). High level of IL-6 in breast cancer tissues stimulated Jagged-1 expression to promote cell growth and maintain the aggressive phenotype (88). High level of IL-6 secretion may facilitate tumor cell growth via suppressing apoptosis and promoting angiogenesis (89). High expression of IL-6Rα was also demonstrated to induce apoptosis resistance in breast cancer (90). In metastatic lesions of breast cancer patients, upregulated IL-6 was identified which may lead to chemotherapy resistance such as paclitaxel (91). The crosstalk between adipocytes and breast cancer cells in cancer progression has attracted much attention in recent years. The adipocyte-derived IL-6 was reported to promote breast cancer metastasis by inducing PLOD2 expression through activating the JAK/STAT3 and PI3K/AKT signaling pathways (92). In a recent study on triple-negative breast cancers (TNBCs), restraining of IL-6 and IL-8 expressions prominently suppressed both in vitro and in vivo cancer cell proliferation (93).

IL-12, which is produced by activated antigen presenting cells including dendritic cells and macrophages, was reported to inhibit tumor development (94). Some studies suggested that high expression level of IL-12 receptor were found to significantly increase breast cancer patients’ survival, especially in the more aggressive subtypes (95). It is also critical to initiate the differentiation of naive CD4+ T cells to T helper type 1 (Th-1) cells (96). However, the correlation between IL-6 and IL-12 remains elusive in breast cancer. According to the reported literature, the Th-1/Th-2 imbalance plays important role in the development of breast cancer (97). And circulating Th-1 and Th-2 levels and their ratios are associated with ER-negative and TNBC, suggesting their contribution in breast cancers (98). IL-6 played dual functions on Th-1/Th-2 differentiation by promoting Th-2 differentiation and inhibiting Th-1 polarization simultaneously (29).

IL-6 is a vital player during acute inflammation, controlling not only the inflammatory response but also tissue metabolism (99). Under chronic inflammation circumstance, IL-6 may induce cachexia through cytokines production and metabolism change in both lipids and proteins (100). Over-expression of IL-6 has been proved to be related with atrophy by promoting muscle protein metabolism (101). Cachexia and its related diseases account for approximately one third of all cancer-related deaths (102). Inflammatory breast cancer (IBC) describes a highly aggressive form of breast cancer of diverse molecular subtypes and clonal heterogeneity. The signature of IBC is recognized by its inflammation feature which is associated with IL-6 expression. A recent study published in May 2022 revealed that IL-6 signaling stimulate cell proliferation in IL-6R and HER2-expressing responsive sub-clones in IBC, and this effect was abrogated by the IL-6R neutralizing antibody Tocilizumab (103).

IL-6 is able to diffuse through cells structures and tissues in tumor microenvironment due to its low molecular weight (104). Tumor microenvironment-associated inflammation, mainly regulated by cytokines including IL-6, has been well-documented to contribute to every stage of cancer progression (105–108). Accumulating evidence has proved the significance of senescent cells in the microenvironment of cancer cells, of which pro-inflammatory IL-6 and IL-8 are consistently present. In this study, IL6 was reported to induce a self-reinforced senescence/inflammatory milieu responsible for the epithelial plasticity and stemness features which prone to a more aggressive phenotype in breast cancer (109).

Despite significant therapeutic achievements have been made in recent years, breast cancer is still one of the most common cancers with high mortality in women worldwide. Estrogen receptor (ER) α-positive breast cancers account for more than two thirds of all the category and endocrine therapies such as selective and aromatase inhibitors remain the standard adjuvant therapy for these tumors. However, majority of patients will develop drug resistance after treatment for several years and alternative hormone therapy is needed afterwards (110, 111). Interestingly, IL6/STAT3 signaling was suggested to drive metastasis in ER positive breast cancer independent of ER, decoupling IL6/STAT3 and ER oncogenic pathways could sensitize some hormonal resistant patients (112). In another study, similar conclusion was reported that Tocilizumab, an antibody that binds to IL-6R, could robustly reverse tamoxifen resistance (113). In compliance with this result, clinical breast cancer samples analysis confirmed that IL-6R expression was significantly associated with tamoxifen resistance in breast cancer tissues, with high IL-6R expression correlated with poor survival (113). Apart from the role in ER positive breast cancer, IL-6 was identified to trigger the migration and invasion of ER negative breast cancer cells via activation of YAP signals (114).

IL-6 could upregulate circulating VEGF in breast cancer patients, which was confirmed to promote angiogenesis and metastasis (115). Downregulation of IL-6 was related to the better response to breast cancer therapy (11, 116). Ligation of IL-6 with IL-6R activates Janus kinase (JAK) tyrosine kinases leading to phosphorylation of signal transducer and activator of transcription 3 (STAT3), which is a well-studied cancer signaling pathway. Moreover, the expression level of IL-6 was higher in aggressive tumors with multi-drug resistance and is negatively related to the expression of estrogen receptor in breast cancer patients (117, 118). Recently, the fact that IL-6-mediated Jagged1/Notch signaling pathway enhanced the ability for breast cancer cells metastasis has been demonstrated (119). All the evidence suggested that IL-6 and its receptor as attractive therapeutic targets.



Clinical Studies

In many preclinical models, IL-6 has been demonstrated to promote carcinogenicity, angiogenesis and metastasis (88, 118, 120, 121). IL-6 has been implicated in resistance to trastuzumab treatment in HER2 positive patients. The induction of IL-6 inflammatory feedback loop leads to the expanded population of CSCs, which lead to high levels of this cytokine secretion. The addition of tocilizumab, an anti-IL-6R antibody, was reported to be capable for the interruption against this feedback loop (122). Based on this finding, a Phase I clinical trial started from 2017 with combined treatment including trastuzumab and tocilizumab for patients with metastatic trastuzumab-resistant HER2+ breast cancer was carried out (NCT03135171). According to the reported literature, IL-6 signaling is a major determinant of TNBC cell proliferation and viability (123), and this chemotherapy-associated inflammatory cytokine may promote resistance mechanisms in TNBC cells as well (124). A Phase Ib/II, open-label, multicenter, randomized umbrella study is being carried out to evaluate the efficacy and safety of multiple immunotherapy-based treatment combinations including tocilizumab in patients with metastatic or inoperable locally advanced TNBC (NCT03424005).



The Prognostic Significance of IL-6 and Its Correlation With Survival

The prognostic impacts of preoperative IL-6 expression levels in patients with breast cancer remain controversial. In a meta-analysis extracted from thirteen articles containing 3,224 breast cancer patients showed that IL-6 expression was not associated with lymph node metastasis, tumor size, or histologic grade. Moreover, there was no correlation between IL-6 expression and disease-free survival. However, the combined hazard ratio for OS was 2.15 (125). Another study included 1,380 patients with early-stage invasive breast cancer revealed that high IL-6 expression is associated with better disease-free survival and breast cancer specific survival (126). However, anther investigation involving 55 female patients with invasive breast cancer demonstrated that the individuals with IL-6 ≥10.0 pg/ml had poorer overall survival compared with those with IL-6 <10.0 pg/ml (127). Similarly, it was reported that high level of serum IL-6 secreted by metastatic breast cancer cells were correlated with poor survival (15). Regarding the roles of IL-6 in ER positive breast cancers as previously described, we further summarized the prognostic value of IL-6 among different subtypes of breast cancer patients (Table 1). For example, in a prospective study included 240 patients who underwent surgery for management of newly diagnosed breast cancer, the associations between plasma concentration of IL-6 and breast cancer recurrence during a six-year follow-up period were examined. The result showed that patients with recurrence had higher levels of circulating IL-6 only among those with HER2 negative tumors. Results of survival analyses revealed an association of high levels of IL-6 with poor recurrence-free survival in patients with HER2 negative and TNBC patients (132).


Table 1 | Prognositc value of IL-6 in different types of breast cancers.



The approximate percentage of HER2 gene amplified in human breast cancer is 25%, which is characterized by a more aggressive phenotype (138). Trastuzumab, as one of the targeted therapeutic agents for HER2+ breast cancer patients, has totally changed the treatment course. Although many patients benefit from the HER2 targeted therapy, nearly half of them will develop drug resistance after one to two years of treatment (139). Evidence showed that overexpression of HER2 in breast CSCs increased IL-6 production, which could promote CSC self-renewal. The fact that HER2 targeted therapy could prominently activate the IL-6 inflammatory loop and expand the CSC population, signified the cause of IL-6 in Herceptin resistance (122). In ER-negative breast cancer, findings demonstrated that IL-66/Stat3/NF-κB inflammatory loop was activated (140). And it has been proved that leptin-induced STAT3 is partially cross activated through SK1-mediated IL-6 secretion and gp130 activation, suggesting the potential significance of this pathway (141).

A growing body of evidence indicated Bazedoxifene, which is a synthetic anti-gp130 compound, could effectively disrupt the IL-6R/gp130 interactions thus inhibit cell viability, and overall cell survive, proliferation as well as cell migration in TNBC (142). A novel in-house prepared IL-6 pathway inhibitor namely 6a, which is capable of selectively inhibiting STAT3 activation following IL-6 stimulation in MDA-MB-231 breast cancer (143). Sarilumab, an FDA-approved anti-IL-6R antibody for rheumatoid arthritis, which blocks both mIL-6R and sIL-6R, is currently under clinical studies for breast cancer (144). Siltuximab, which is a neutralizing anti-IL-6 antibody, delayed engraftment of MCF-7 humanized xenograft tumors and elicited tumor xenograft regression in tumors (145). The anti-IL-6 receptor antibody, Tocilizumab, is effective in the treatment of various autoimmune diseases such as rheumatoid arthritis (RA) (146). Experimental results demonstrates that IL-6 pathway targeted drugs may have additional benefit in HER2+ breast cancer (122). It has been proved that IL-6 receptor inhibitor suppressed bone metastases in a breast cancer cell line (147). Another study showed that IL-6R antagonist Tocilizumab significantly decreases breast cancer stem cell and inhibits tumor growth in Notch3-expressing breast cancers (148). The high level of IL-6R expression in spindle-shaped stromal cells such as CAF was not associated with the vasculature but could be used as prognostic determinant of early breast cancer (149). CAFs in tumor microenvironment played a vital role in developing trastuzumab resistance by magnifying CSCs bulge and activating multiple pathways (150). Regarding this, combination of anti-IL-6 antibody, or multiple pathway inhibitors with trastuzumab maybe novel strategy to reverse drug resistance in HER2+ breast cancer (71). Genotype of IL-6 was prominently related to early events among patients bearing with ER-negative tumors (151). The IL-6 signaling loop mediated drug resistance to PI3K inhibitors via inducing epithelial-mesenchymal transition (EMT) and CSCs expansion in human breast cancer cells (152). In summary, IL-6 signaling pathway may be potential treatment target for breast cancer patients in the future. The previously mentioned agents targeting the IL-6/IL-6R signaling for breast cancer therapy were listed in Table 2.


Table 2 | Agents directly targeting the IL-6/IL-6R/gp130 complex for breast cancer therapy.



IL-6 could promote the response of acute phase inflammatory via increasing the production of acute inflammatory proteins. IL-6 was also correlated with elevated CRP in different kinds of cancers including breast cancer (154), renal cancer (155), lung cancer (156), and colorectal cancer (157). Although breast cancers rarely are characterized by inflammation, a growing body of evidence nevertheless suggests that inflammatory process also play an important role in breast cancer progression (158, 159). Based on the reported literature, the results from epidemiologic studies in different centres are conflicting, with some showing significant association between elevated CRP levels and poor prognosis in breast cancers while others show no association (160–162). In a study consisted of 700 women with early-stage breast cancer found that elevated levels of CRP measured 2.5 years after diagnosis were associated with reduced DFS and OS (163). Similarly, another investigation included 2,910 women for up to seven years after invasive breast cancer diagnosis revealed elevated CRP levels were significantly associated with reduced DFS and OS (164). Preoperative CRP level was indicated as a more accurate prognostic factor compared with other factors, such as histological grade, tumor factor and node factor (127).




Conclusions

IL-6 is a pleiotropic cytokine in the regulations of various physiological and pathological processes. IL-6 causes uncontrolled inflammatory responses resulting in chronic inflammation and even carcinoma. IL-6 expression is associated with poor prognosis for breast cancer. The interaction network of IL-6 in breast cancer cells/stromal cells is listed as Figure 1. The IL-6 signal transduction pathway including IL-6, IL-6R, sIL-6R, gp130, JAK, and STAT3 has been suggested as promising therapeutic targets for breast cancer. Several antibodies for IL-6/IL-6R have been developed, either as single drug or combined with other traditional chemotherapy, have demonstrated dramatical outcome in both preclinical and clinical trials. In addition to the critical roles of IL-6/JAK/STAT3 signaling in breast cancer, hyperactivation of this pathway has also been implicated in suppressing anti-tumor immune responses in tumor microenvironment. Treatments targeting the IL-6/JAK/STAT3 pathway have provided benefit for patients with breast cancer by directly inhibiting tumor cell growth and activating anti-tumor immunity. Taken together, strategy targeting the IL-6/JAK/STAT3 signaling pathway, which has already been shown to be beneficial in certain cancers including breast cancer, has proven to be effective. Combination of IL-6 signaling pathway inhibitor and other targets blockage drugs may serve as novel strategy to treat IL-6 mediated immune disease and human cancers.




Figure 1 | The interaction network of IL-6 and breast cancer cells/stromal cells.
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Triple-negative breast cancer (TNBC) occurs more frequently in young (<50 years) non-Hispanic black and Hispanic/Latina women. It is considered the most aggressive subtype of breast cancer, although, recently, immune infiltrate has been associated with long-term survival, lower risk of death and recurrence, and response to neoadjuvant chemotherapy. The aim of this review was to evaluate the clinical impact of the immune infiltrate in TNBC by discussing whether its prognostic value varies across different populations. A comprehensive systematic search in databases such as PubMed and Web of Science was conducted to include papers focused on tumor-infiltrating lymphocytes (TILs) in TNBC in different population groups and that were published before January 2021. TNBC patients with higher levels of TILs had longer overall survival and disease-free survival times compared with TNBC patients with low TIL levels. Similar results were observed for CD4+, CD8+ TIL populations. On the other hand, patients with high TIL levels showed a higher rate of pathological complete response regardless of the population group (Asian, European, and American). These results altogether suggest that TIL subpopulations might have a prognostic role in TNBC, but the underlying mechanism needs to be elucidated. Although the prognosis value of TILs was not found different between the population groups analyzed in the revised literature, further studies including underrepresented populations with different genetic ancestries are still necessary to conclude in this regard.
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Introduction

Breast cancer (BC) is a heterogeneous disease in its phenotypic and genomic features (1). Four intrinsic subtypes, luminal A, luminal B, HER2-enriched, and triple negative, have been reported, each one characterized by differences in the transcriptional profile and clinical behavior (2–4). The prevalence of these subtypes is variable between population groups (5, 6). Several studies have agreed that the triple-negative subtype is more prevalent in NHB and in H/L compared with non-Hispanic white (NHW) women (7–10).

Triple-negative breast cancer (TNBC) is characterized by the lack of expression of estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2). It constitutes 10–20% of all breast cancers and occurs more frequently in young women (<50 years) (11, 12). It is the most aggressive subtype of BC considering that it presents with a larger tumor size and a higher histological grade at the time of diagnosis and has a high expression of cell proliferation genes, which correlated with their clinical characteristics and poor prognosis (13).

TNBC has been described as a transcriptionally heterogeneous subtype (14–16). Lehmann et al. (14) identified 6 subtypes through gene expression analysis: basal-like 1 (BL1) characterized by a high expression of genes involved in cell cycle and cellular division, basal-like 2 (BL2) that expresses genes that enrich the signaling by growth factors such as MET and EGFR and expresses myoepithelial markers, immunomodulator (IM) subtype that expresses genes involved in the signaling of immune cells and cytokine-mediated translation pathways, and the mesenchymal (M) and mesenchymal stem-like (MSL) subtypes which display similarities in terms of the high expression of genes involved in cell motility, epithelial–mesenchymal transition pathways, and growth factors (such as, NOTCH, PDGFR, FGFR, and TGFbeta dysregulation). However, the MSL subtype differs from the M subtype as it presents a lower expression of cell proliferation genes. Finally, the luminal androgen receptor (LAR) subtype presents a high expression of genes that participate mainly in hormonally regulated pathways, for example, by the androgen receptor (AR) (14, 17–19).

An important characteristic of TNBC is that it is the most immunogenic BC subtype. Its immune infiltrate has been associated with both the control of tumor cells and with the processes of tumor growth and metastasis (20–22). It has been likewise associated with the effectiveness of neoadjuvant and adjuvant therapy, thus correlating with the clinical outcome of the disease (23).

The variability in the immune infiltrate and its clinical impact in TNBC has been studied mainly in NHW women, but it is unknown how it may vary according to the population group. The aim of this review was to systematize those studies that have evaluated the clinical impact of the immune infiltrate in TNBC, discussing whether there are differences in its prognostic value based on the population groups.



Tumor microenvironment and immune infiltrate In breast cancer

The neoplastic progression of BC at the cellular level depends on the interaction of the tumor microenvironment (TME) and the adjacent immune system, which can act to promote or suppress the tumor growth and invasion (24, 25).

TME is composed of tumor cells and different stromal cells, such as fibroblasts, mesenchymal cells, immune cells, and adipocytes. These stromal cells secrete growth factors, cytokines, chemokines, and exosomes, molecules that maintain a constant interaction among cells within the TME (26, 27). Tumor cells are the only ones that have mutations within the TME and can promote epigenetic modifications on non-tumor cells. These modifications facilitate tumoral invasion, survival, and growth in an autocrine and paracrine way (25) (Figure 1).




Figure 1 | Composition of tumor microenvironment in breast cancer.





Composition of tumor-infiltrating lymphocytes in TNBC

The antitumor immune response in the TME is mainly driven by tumor-infiltrating lymphocytes (TILS) which, according to their location in the TME, are divided into stromal (sTILs) and intratumoral (iTILs). Most of the lymphocytes are sTILs, which infiltrate the tissue adjacent to the tumor and are considered the real tumor-infiltrating cells; on the other hand, iTILs are in direct contact with the tumor, actively infiltrating it into nests (28). It is noteworthy that different subtypes of TILs may have inhibitory or stimulatory effects on tumor progression (29)—for instance, CD8+ T cells show the highest antitumor activity that is mediated by interferon-gamma (IFN-γ), perforin, and granzyme B secretion (30). In BC, a high number of CD8+ T cells has been associated with a better prognosis and response to neoadjuvant treatment (31). On the other hand, T helper cells CD4+ have the function of enhancing the adaptive immune response by increasing the infiltration and the effector functions of CD8+ T cells and other immune cells (32). Regulatory T cells (Treg), a subpopulation of CD4+ T cells, are positive for FOXP3 and CD25 markers and participate in immune escape by suppressing the antitumor activity of CD8+ T cells (33). The presence of Treg cells within the TME is commonly associated with a poor prognosis in cancer (34). However, recent studies have demonstrated the opposite in TNBC, where the presence of Tregs in the TME was associated with longer overall survival (OS) and disease-free survival (DFS) (35, 36).

B cells can produce specific antibodies for antigens present in tumor cells; however, it has not yet been demonstrated if these cells have the same degree of clinical significance as T cells (37). The presence of B cells in the tumor stroma has been correlated with longer DFS and metastasis-free survival (MFS) in TNBC patients (38).

The role of both functionally distinct macrophage subpopulations M1 and M2 has been reported. M1 macrophages exhibit antitumoral activity by activating natural killer (NK) cells and Th1 cells (IFN- γ, IL-2, and TNF-alpha producers), which contributes to the activation of CD8+ T cells (39). In contrast, M2 macrophages or tumor-associated macrophages (TAMs) favor tumor growth and progression by facilitating tumor invasion and angiogenesis, thus being associated with a poor prognosis in patients with TNBC (40, 41).

Myeloid-derived suppressor cells (MDSCs) are a heterogeneous group of cells with immunosuppressive activity, composed mainly of granulocytes and monocytes. The MDSCs have been associated with tumoral progression through the production of immunosuppressive and pro-angiogenic cytokines that inhibit the immune response of antitumor T cells (42, 43). It should be noted that the role of MDSCs specifically in TNBC patients remains relatively unexplored (44, 45).

NK cells recognize and delete tumor cells lacking MHC-1 expression on their cell surface, whose expression is necessary for the activation of CD8 + T cells (46). Recent studies have shown that NK cells are associated with a better prognosis in the early stages of TNBC (47). More studies are needed.



TILS as prognostic and predictive biomarker in triple-negative breast cancer

In the last few years, the predictive and prognostic role of TILs in TNBC have been studied. The relations between the composition of TILs subpopulations, clinico-pathological characteristics, and the survival of patients have likewise been explored (Table 1) (29, 62).


Table 1 | Outcomes from studies that analyzed tumor-infiltrating lymphocytes (TILs) according to the region of origin.



Studies carried out in Asian populations mostly showed that TILs, when evaluated in resected specimens, have a positive impact on the prognosis of TNBC (48) (50). Some studies have 95% CI with OS (HR: 0.493, 95% CI: 0.232–1.047, p = 0.066) when patients with high TILs (≥10%) vs. low TILs (<10%) were compared (48). Hida et al. (50) reported a poorer prognosis in TNBC patients with low TIL levels (<10%) compared with intermediate/high-TIL groups (>50%) (HR: 2.68, 95% CI: 1.13–5.95). This association remained significant in the multivariate model (HR: 2.49, 95% CI: 1.05–5.55). Moreover, TILs analyzed at the biopsy, before neoadjuvant chemotherapy, were found to be associated with pCR rate (p = 0.024). Despite previous results, opposite results have also been reported where TILs did not correlate with survival outcomes (52).

When TILs have been evaluated in biopsies, a lower likelihood of recurrence has been observed in patients with a high TIL infiltration (≥10%) compared with those with a low TIL infiltration (<10%) in univariate (HR: 0.18, 95% CI: 0.05–0.58) and multivariate analyses (HR: 0.24, 95% CI: 0.07–0.82). In addition, patients with higher TIL infiltration presented with higher pCR rates (p = 0.013) when compared with patients with low TIL infiltration (49) Similarly, Ruan et al. (51) reported a significant association between the percentage of TILs and pCR in a model adjusted for age, lymph–vascular invasion, and Ki67, both for iTILs (OR: 1.06, 95% CI: 1.00–1.12, p = 0.04, per 10% increase) and for sTILs (OR: 1.05, 95% CI: 1.02–1.09, p = 0.006, per 10% increase). When the optimal thresholds for TILs were analyzed, the results suggested that 20% is a better cutoff to determine high or low sTILs infiltration since it seems to be a better predictor of pCR (OR 2.85, 95% CI: 1.38–5.90, p = 0.005).

The differences in the prognosis impact of TILs between studies might be related to the clinical stage of the patients included. Presumably, there are lower amounts of tumor antigens among patients at earlier stages (31, 52), which could lead to misinterpretations regarding the relationship of TILs and clinico-pathological variables and outcomes of interest, as few studies have assessed the prognosis impact of TILs in early-stage TNBC patients.

Studies in a European population show similar findings to those in the Asian population. A study in France that evaluated TILs in the primary tumor reported a 15% reduction in the risk of death for every 10% of increase in sTIL levels (HR: 0.85, 95% CI: 0.74–0.99) and 18% reduction in the risk of death for every 10% of increase in iTILs (HR: 0.82, 95% CI: 0.68–0.99) in the multivariate analysis adjusted for the grade of lymph nodes (LN) (53).

In Italy, two studies were carried out in a larger number of TNBC patients and analyzed TILs in the resected specimen (54, 55). The first study included 897 women and reported TILs as an independent prognostic factor for a longer distant disease-free survival (HR: 0.76, 95% CI: 0.69–0.84, for every 10% increase in TILs) and longer OS (HR: 0.76, 95% CI: 0.68–0.84, for every 10% increase in TILs) in a model adjusted for age at diagnosis, lymph node stage, peritumoral vascular invasion, tumor size and grade, and Ki67 (54). The second study that evaluated sTILs in the resected specimen and dichotomized patients in having TILs ≥50% vs. patients with TILs <50% likewise found a 13% risk reduction in BC-free interval (HR: 0.87, 95% CI: 0.79–0.96, p = 0.006), 10% risk reduction for DFS (HR: 0.9, 95% CI: 0.82–0.97, p = 0.01), 17% for distance recurrence-free interval (HR: 0.83; 95% CI 0.74–0.94, p = 0.004) in a model adjusted for age, nodal status, tumor size, and tumor grade (55). A study carried out in France and Italy reported that the high presence of TILs in the residual disease after neoadjuvant treatment had a positive impact on MFS (sTIL: HR = 0.86, 95% CI: 0.77–0.96, p = 0.01; iTILs: HR: 0.85, 95% CI: 0.75–0.98, p = 0.02, per 10% increase in TILs) and longer OS (sTIL: HR: 0.86, 95% CI: 0.77–0.97, p = 0.01; iTILs: HR: 0.86, 95% CI: 0.75–0.99, p = 0.03, per 10% increase in TILs). The 5-year OS rate was 91% (95% CI, 68 to 97%) for patients with higher TILs in residual disease compared with 55% (95% CI, 48 to 61%) for patients with low TIL levels (58). Similarly, Luen et al. (59) found that a higher percentage of TILs in residual disease was associated with a longer recurrence-free survival (RFS) (HR: 0.86, 95% CI: 0.78–0.93, per 10% increase in TILs) and a longer OS (HR: 0.85, 95% CI: 0.77–0.94, per 10% increase in TILs).

Denkert et al. (56) also reported in a model adjusted for clinical parameters that patients with high TIL levels in the biopsy have longer DFS (HR: 0.93, 95% CI: 0.87–0.98, p = 0.011) and longer OS (HR: 0.92, 95% CI: 0.86–0.99, p = 0.032). However, when pCR was included in the multivariate analysis for both outcomes, the TILs were no longer significantly associated (HR: 0.95, 95% CI: 0.89–1.01, p = 0.11 for DFS, HR: 0.95, 95% CI: 0.88–1.03, p = 0.24 for OS). They also analyzed if TILs are predictors for pCR in TNBC and found a positive association for sTILs (OR: 1.17, 95% CI: 1.11–1.24, per 10% increase in sTILs). Similar results were reported by the same authors in a different study (57). A different effect of TILs according to chemotherapy regimen has been observed. TILs conferred the greatest survival benefit in patients treated with cyclophosphamide, methotrexate, and 5-fluorouracil + cyclophosphamide doxorubicin regimen (HR: 0.60, 95% CI: 0, 48 to 0.76) (54). More studies are needed to explore differences in the prognosis value of TILs according to the chemotherapy regimen.

The relationship between higher TIL levels and higher pCR rates could be explained by the degree of antitumor immune response by TILs against cancer cells that act synergistically with the natural-immunity-restoring antitumor response (20, 22). In addition, it has been demonstrated that chemotherapy treatment can promote the antitumor immune response due to the production of danger signals—danger-associated molecular patterns—during cell death. The expression of calreticulin (CALR) and release box 1 of the high mobility group (HMGB1) also boosts this antitumor immune response (63). All these could be together related to the presence of TILs in residual disease (58), and thus a good prognosis was reported for TILs in residual disease (64).

In the Australian population, an analysis that included early-stage TNBC patients showed that for every 10% increase in the presence of TILs in the primary tissue, there was a 13% decrease in the risk of distant relapse (HR: 0.77, 95% CI: 0.61 –0.98, p = 0.02) in a model adjusted for clinico-pathological characteristics. No statistically significant differences were observed for OS (21).

In the United States, Adams and colleagues (22) reported that for every 10% increase in sTILs evaluated in surgical specimens, there was a 16% reduction in the risk of recurrence (HR: 0.84, 95% CI: 0.74–0.95, p = 0.005) and a 21% reduction in the risk of death (HR: 0.79, 95% CI: 0.67–0.92). In the same direction, Krishnamurti and colleagues (60) showed that higher peripheral TILs were associated with a better survival (HR: 0.95, 95% CI: 0.91–1.00, p = 0.0354) and less chance of recurrence (HR: 0.95, 95% CI: 0.91–1.00, p = 0.0314). Leon-Ferre et al. (61) reported a similar association between sTILs and invasive disease-free survival in patients with TNBC diagnosed at early stages (HR: 0.90, 95% CI: 0.86–0.94, per 10% increment in TILs).

The case-only study that includes 86 Peruvian women with TNBC observed a statistically significant association between TIL density and a higher tumor grade (p = 0.006), but no significant association was found regarding the relationship between sTILs and survival (65). More studies are needed in the Latino population.



The subpopulation of TILS and its prognostic value

Due to the relevance of TILs in TNBC, in recent years, an attempt has been made to elucidate the role of the different TIL subpopulations, in particular, the most recurrent ones such as CD8, CD4, and FOXP3 (Table 2).


Table 2 | Outcomes from studies that analyzed tumor-infiltrating lymphocytes (TIL) subpopulations according to the region of origin.



A study conducted in the Asian population in which the number of TILs CD8+ and TILs FOXP3+ was analyzed in biopsy and residual tissue reported that a high rate of change in the CD8+/FOXP3+ ratio was an independent prognostic factor for recurrence and survival (66). In a different study, high levels of iTILs CD8+ were associated with DFS (HR: 0.48, 95% CI: 0.27–0.83) but not with OS (HR: 0.59, 95% CI: 0.32–1.07). On the other hand, patients with higher levels of sTILs CD4+ presented longer DFS (HR: 0.46, 95% CI: 0.26–0.82) and OS (HR: 0.44, 95% CI: 0.24–0,83) (67). Regarding clinico-pathological variables, a correlation between the immune infiltrate and age at diagnosis has also been reported. The highest rates of the CD8+/FOXP3+ ratio were observed more frequently in women diagnosed at an early age (p = 0.003), specifically when they are still in a premenopausal state (p = 0.002) (68). Moreover, a high CD8+/FOXP3+ ratio was found as a strong predictor of pCR (OR: 5.32, 95% CI: 1.62 to 19.98) (68).

Studies in less common subpopulations, such as B-cell (CD20+) and Tregs (FOXP3+/CD3+), have found them positively associated to better outcomes. A Kaplan–Meier analysis showed that patients with higher intratumoral Treg presented longer DFS (p = 0.001). A multivariate analysis confirmed this association (HR: 0.33, 95% CI: 0.165 to 0.659). High intratumoral Treg infiltration was also found to be associated with OS (HR: 0.49, 95% CI: 0.25–0.95). Additionally, patients with higher CD20+ B-cell infiltration in both the intratumoral (DFS: p = 0.015; OS: p = 0.020) and stromal (DFS: p = 0.012; OS: p = 0.031) compartments presented better clinical outcomes (35). Tian and colleagues (69), in a Chinese study, categorized patients according to the DFS times and reported that patients in the DFS ≥5 years group had higher NK cell stromal infiltration (p < 0.001) and low stromal TAM infiltration (p = 0.004). Stromal FOXP3+ TILs were found as an independent prognostic factor for OS (sTILs FOXP3+ low/high HR: 1.712, 95% CI: 1.085–2.702) (69).

Regarding the studies in a European population, it was observed that patients with low TIL CD8+ infiltration were associated with a higher risk of death from BC (HR: 2.2, 95% CI: 1.0–3.8) (70). On the contrary, Althobiti and colleagues (71) only found TILs as an independent predictor of good prognosis in a model that included various immune cells, such as CD3, CD8, FOXP3, CD20, and CD68. West and colleagues (72) reported that a high infiltration of TILs FOXP3+ was strongly associated with better outcomes (RFS: HR = 0.371, 95% CI: 0.213–0.644; p = 0.0004) and disease-specific survival (HR = 0.416, 95%: CI 0.231–0.750; p = 0.0036). In contrast, a study from the United States reported that a high expression of FOXP3 and CD163 was associated to a worse OS (HR = 12.7, 95% CI: 4.5–35.6 and HR = 3.2, 95% CI: 1.7–6.2, respectively) (73).

Few studies have analyzed the differences in the tumor microenvironment between European American (EA) women and African American (AA) women, and the results have been contradictory. Preliminary data from Wright and colleagues (75) found higher levels of TILs in early-stage (I–II) tumors from AA patients compared with EA (p = 0.019), but this difference was not observed for late-stage (III–IV) tumors. TILs also correlated negatively with AR expression and positively with PD-L1 expression. The analysis of CD8+ T cell infiltration in AA and EA women revealed that AAs with high CD8 infiltration have a trend towards better survival compared with AA with low CD8 infiltration (HR: 0.51, 95% CI: 0.25–1.04) (74). On the other hand, a study that analyzed The Cancer Genome Atlas database and compared the immune gene expression between AA and EA women did not find large-scale immunogenic differences (76).

TILs have a useful prognostic role in TNBC based on TIL populations. Nevertheless, the immune infiltrate phenotype and its prognostic value require better understanding. Thus, it is necessary to include other immune cell populations in future studies. The association reported between the high Treg FOXP3 infiltrate and better DFS and OS in TNBC is interesting considering that Treg has been associated with a poor prognosis as it can suppress antigen-presenting cells and other immune cells, events that are regulated through the secretion of inhibitory cytokines, granzyme B, and perforin (77). On the contrary, the favorable prognosis may be explained by the positive correlation between FOXP3 infiltration and TILs CD8+ infiltration (68). There is a need to clarify the prognostic role of Treg FOXP3+ in TNBC tumors.



Expression of membrane markers in the immune infiltrate

In addition to the different immune cell’s populations mentioned before, there are other biomarkers of special interest, such as the expression of PD-L1. Studies in different populations have consistently showed a correlation between a high expression of PD-L1 in tumor cells and higher levels of sTILs (78–80).

Regarding the impact of PD-L1 in a patient’s prognosis, controversial results have been published. A study from Japan found PD-L1 positive/TILs low expression as an independent negative prognostic factor for RFS (HR = 4.7, 95% CI: 1.6–12.7) and OS (HR = 8.4, 95% CI: 2.3–30.3) (79). AiErken and colleagues (80) conducted a study that included Chinese patients diagnosed with TNBC and reported a positive PD-L1 expression as an independent prognosis factor for OS (HR: 0.302, 95% CI: 0.127–0.721) and DFS (HR: 0.451, 95% CI: 0.211–0.963). A study from the United States reported that elevated levels of PD-L1 were associated with decreased OS compared with a low expression (HR: 10.4, 95% CI: 3.6–29.6) (73). On the contrary, Li and colleagues found that any stromal PD-L1 expression was associated with better DFS but not OS (81).

The association between the expression of PD-L1 and a high percentage of TILs could be explained by activated T cells, which produce IFNγ (82). It has been proposed that IFNγ induce PD-L1 expression as an immune evasion mechanism by the tumor (83). Additionally, the relationship of high TIL levels and PD-L1 expression could also explain the association between PD-L1 expression and DFS and OS in Asian populations (83) and the pCR rates in European populations (80).

Cerbelli et al. (78) analyzed 54 TNBC biopsies taken from different institutions in Rome, Italy, and found a statistically significant association between PD-L1 expression in ≥25% of neoplastic cells and pCR (OR: 1.13, 95% CI: 1.01–1.27). Additionally, it was observed that 100% of the patients who achieved a pCR presented jointly a higher percentage of TILs and PD-L1 expression in ≥25% of tumor cells (p = 0.011). These results suggest that PD-L1 expression could be a marker of response to neoadjuvant chemotherapy in patients with TNBC. However, to reach this conclusion, more and larger studies that focus on the expression of PD-L1 in TNBC patients treated or not with neoadjuvant chemotherapy are needed—for instance, PD-L1 is described to be more commonly expressed in primary tumors than metastatic tumors (p = 0.002) (84), although some controversial results have also been published (85).

TIM3 is an immune checkpoint molecule that is expressed on CD4+ helper 1 (Th1) cells, CD8+ T cells, dendritic cells, and other subpopulations of lymphocytes, macrophages, and monocytes (86). The high expression of PD-1 and PD-L1 was each associated with a high expression of TIM-3 (p = 0.0001 and p = 0.0019, respectively). Patients with a higher TIM-3 expression presented better DFS (HR: 0.1072, 95% CI: 0.0319–0.3603) and longer OS (HR: 0.1129, 95% CI: 0.0323–0.3948) (86).

Interestingly, a German study analyzed the expression levels of 12 immune genes that included T cells, B cells, cytokines, and immune checkpoints markers (CXCL9, CCL5, CD8A, CD80, CXCL13, IGKC, CD21, IDO1, PD-1, PD -L1, CTLA4, and FOXP3). Based on their gene expression, they categorized the patients in three immune groups: low expression (A), intermediate expression (B), and high expression (C). They observed differences in the pCR rates among the three groups: 24% for A, 37.4% for B, and 50.4% for C (p <0.001). All 12 immune genes at the mRNA level were significantly linked to pCR; the best predictors were PD-L1 (OR: 1.44, 95% CI: 1.18 to 1.77, per ΔCt) and CD80 (OR: 1.74, 95% CI: 1.28 to 2.38, per ΔCt) (57).



Conclusions

Although it is not doubted that TILs play an essential role in tumor development, the methods used across studies to measure the infiltrate are heterogeneous (87)—for example, it has been recommended to consider as high an infiltration value >50% (88) or a cutoff point >60% (89) or even to consider three cutoff points (<10%, between 10 and 50%, and >50%) (90). Moreover, studies differ in their sample sizes and inclusion criteria. Some studies evaluate TILs in biopsies and others in the resected specimens of patients that received neoadjuvant chemotherapy or not. Other studies included only early-stage patients. Therefore, all these circumstances make it difficult to provide an assertive comparison between studies to conclude on the role of TILs in carcinogenesis.

The classification of triple-negative breast cancer by immunohistochemical techniques could also be a source of heterogeneity. As mentioned above, some studies included biopsies and others resected specimens. The heterogeneity in the expression of immunohistochemistry markers such as ER, PR, and HER2, when evaluated in core needle biopsies or in a resected specimen, could lead to the misclassification of breast cancer into intrinsic subtypes (91–93). We cannot rule out that there may be misclassified cases among studies and that this may explain, in part, why some studies did not find statistically significant differences in some of the outcomes evaluated. It is also important to consider if TILs were evaluated in resected specimens from patients who previously received neoadjuvant chemotherapy since it is well known that chemotherapy can modify the panorama of the immune infiltrate, and this could impact the results of TIL characterization (94–96).

Germline BRCA1/2 mutations range between 9 and 21% in unselected TNBC patients (97, 98). The presence of mutations in repair genes could lead to a greater formation of neoantigens, which would translate into an increase in immune infiltrate in these cases (99–102). For this reason, it is important to analyze the results of the studies considering the germinal component to avoid bias in the results.

In any case, the results presented below on the prognostic and predictive value of TILs in different populations such as Asian, European, Australian, and American present similar risk directions highlighting that TILs might be an independent prognostic factor for recurrence and survival and an independent predictor factor for pCR regardless on the origin of the patients.



Author Contributions

Writing—review of the draft: CH-C, MR, and HG-T. Conception and study design: SS-G, CH-C, and MS-S. Manuscript preparation: CH-C, MR, HG-T, and SS-G. Writing—reviewing and editing: SS-G and MS-S. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by Minciencias (Contrato 838-2018 to SS-G) and the Colombian National Cancer Institute (C-19010300431 to SS-G).



References

1. Turashvili, G, and Brogi, E. Tumor Heterogeneity in Breast Cancer. Front Med (2017) 4:227. doi: 10.3389/fmed.2017.00227

2. Rakha, EA, and Green, AR. Molecular Classification of Breast Cancer: What the Pathologist Needs to Know. Pathology (2017) 49(2):111–119. doi: 10.1016/j.pathol.2016.10.012

3. Sachs, N, de Ligt, J, Kopper, O, Gogola, E, Bounova, G, Weeber, F, et al. A Living Biobank of Breast Cancer Organoids Captures Disease Heterogeneity. Cell (2018) 172(1-2):373–386.e10. doi: 10.1016/j.cell.2017.11.010

4. Barnard, ME, Boeke, CE, and Tamimi, RM. Established Breast Cancer Risk Factors and Risk of Intrinsic Tumor Subtypes. Biochim Biophys Acta - Rev Cancer (2015) 1856(1):73–85. doi: 10.1016/j.bbcan.2015.06.002

5. DeSantis, CE, Ma, J, Gaudet, MM, Newman, LA, Miller, KD, Goding Sauer, A, et al. Breast Cancer Statistics, 2019. CA: A Cancer J Clin (2019) 69(6):438–451. doi: 10.3322/caac.21583

6. Siegel, RL, Miller, KD, and Jemal, A. Cancer Statistics, 2019. CA: A Cancer J Clin (2019) 69(1):7–34. doi: 10.3322/caac.21551

7. Yip, CH, Evans, DG, Agarwal, G, Buccimazza, I, Kwong, A, Morant, R, et al. Global Disparities in Breast Cancer Genetics Testing, Counselling and Management. World J Surg (2019) 43(5):1264–1270. doi: 10.1007/s00268-018-04897-6

8. Parise, CA, and Caggiano, V. The Influence of Socioeconomic Status on Racial/Ethnic Disparities Among the ER/PR/HER2 Breast Cancer Subtypes. J Cancer Epidemiol (2015) 2015:813456. doi: 10.1155/2015/813456

9. Carvalho, FM, Bacchi, LM, Pincerato, KM, Van de Rijn, M, and Bacchi, CE. Geographic Differences in the Distribution of Molecular Subtypes of Breast Cancer in Brazil. BMC Women’s Health (2014) 14:102. doi: 10.1186/1472-6874-14-102

10. Jiagge, E, Jibril, AS, Chitale, D, Bensenhaver, JM, Awuah, B, Hoenerhoff, M, et al. Comparative Analysis of Breast Cancer Phenotypes in African American, White American, and West Versus East African Patients: Correlation Between African Ancestry and Triple-Negative Breast Cancer. Ann Surg Oncol (2016) 23(12):3843–3849. doi: 10.1245/s10434-016-5420-z

11. Telli, ML. Triple-Negative Breast Cancer. In:  S. Badve, and Y Gökmen-Polar (eds) Molecular Pathology of Breast Cancer (2016), Springer, Cham 71–80. doi: 10.1007/978-3-319-41761-5_6

12. Foulkes, WD, Smith, IE, and Reis-Filho, JS. Triple-Negative Breast Cancer. N Engl J Med (2010) 363:1938–48. doi: 10.1056/NEJMra1001389

13. López-Ozuna, VM, Hachim, IY, Hachim, MY, Lebrun, JJ, and Ali, S. Prolactin Modulates TNBC Aggressive Phenotype Limiting Tumorigenesis. Endocr Relat Cancer (2019) 26(3):321–337. doi: 10.1530/ERC-18-0523

14. Lehmann, BD, Bauer, JA, Chen, X, Sanders, ME, Chakravarthy, AB, Shyr, Y, et al. Identification of Human Triple-Negative Breast Cancer Subtypes and Preclinical Models for Selection of Targeted Therapies. J Clin Invest (2011) 121(7):2750–67. doi: 10.1172/JCI45014

15. Lehmann, BD, Jovanović, B, Chen, X, Estrada, MV, Johnson, KN, Shyr, Y, et al. Refinement of Triple-Negative Breast Cancer Molecular Subtypes: Implications for Neoadjuvant Chemotherapy Selection. PLoS One (2016) 11:e0157368. doi: 10.1371/journal.pone.0157368

16. Burstein, MD, Tsimelzon, A, Poage, GM, Covington, KR, Contreras, A, Fuqua, SAW, et al. Comprehensive Genomic Analysis Identifies Novel Subtypes and Targets of Triple-Negative Breast Cancer Analysis and Interpretation of Data: HHS Public Access. Clin Cancer Res (2015) 21:1688–98. doi: 10.1158/1078-0432.CCR-14-0432

17. Santonja, A, Sánchez-Muñoz, A, Lluch, A, Chica-Parrado, MR, Albanell, J, Chacón, JI, et al. Triple Negative Breast Cancer Subtypes and Pathologic Complete Response Rate to Neoadjuvant Chemotherapy. Oncotarget (2018) 9(41):26406–26416. doi: 10.18632/oncotarget.25413

18. Gong, Y, Ji, P, Yang, YS, Xie, S, Yu, TJ, Xiao, Y, et al. Metabolic-Pathway-Based Subtyping of Triple-Negative Breast Cancer Reveals Potential Therapeutic Targets. Cell Metab (2021) 33:51–64.e9. doi: 10.1016/J.CMET.2020.10.012

19. Angajala, A, Mothershed, E, Davis, MB, Tripathi, S, He, Q, Bedi, D, et al. Quadruple Negative Breast Cancers (QNBC) Demonstrate Subtype Consistency Among Primary and Recurrent or Metastatic Breast Cancer. Transl Oncol (2019) 12:493–501. doi: 10.1016/j.tranon.2018.11.008

20. Loi, S. Tumor-Infiltrating Lymphocytes, Breast Cancer Subtypes and Therapeutic Efficacy. OncoImmunology (2013) 2:e24720. doi: 10.4161/onci.24720

21. Loi, S, Michiels, S, Salgado, R, Sirtaine, N, Jose, V, Fumagalli, D, et al. Tumor Infiltrating Lymphocytes are Prognostic in Triple Negative Breast Cancer and Predictive for Trastuzumab Benefit in Early Breast Cancer: Results From the FinHER Trial. Ann Oncol (2014) 25:1544–50. doi: 10.1093/annonc/mdu112

22. Adams, S, Gray, RJ, Demaria, S, Goldstein, L, Perez, EA, Shulman, LN, et al. Prognostic Value of Tumor-Infiltrating Lymphocytes in Triple-Negative Breast Cancers From Two Phase III Randomized Adjuvant Breast Cancer Trials: ECOG 2197 and ECOG 1199. J Clin Oncol (2014) 32:2959–66. doi: 10.1200/JCO.2013.55.0491

23. Pruneri, G, Vingiani, A, and Denkert, C. Tumor Infiltrating Lymphocytes in Early Breast Cancer. Breast (2018) 37:207–214. doi: 10.1016/j.breast.2017.03.010

24. Chen, DS, and Mellman, I. Elements of Cancer Immunity and the Cancer-Immune Set Point. Nature (2017) 541(7637):321–330. doi: 10.1038/nature21349

25. Mao, Y, Keller, ET, Garfield, DH, Shen, K, and Wang, J. Stromal Cells in Tumor Microenvironment and Breast Cancer. Cancer Metastasis Rev (2013) 32(1-2):303–15. doi: 10.1007/s10555-012-9415-3

26. Bahrami, A, Hassanian, SM, Khazaei, M, Hasanzadeh, M, Shahidsales, S, Maftouh, M, et al. The Therapeutic Potential of Targeting Tumor Microenvironment in Breast Cancer: Rational Strategies and Recent Progress. J Cell Biochem (2018) 119(1):111–122. doi: 10.1002/jcb.26183

27. Xie, HY, Shao, ZM, and Li, DQ. Tumor Microenvironment: Driving Forces and Potential Therapeutic Targets for Breast Cancer Metastasis. Chin J Cancer (2017) 36(1):36. doi: 10.1186/s40880-017-0202-y

28. Salgado, R, Denkert, C, Demaria, S, Sirtaine, N, Klauschen, F, Pruneri, G, et al. The Evaluation of Tumor-Infiltrating Lymphocytes (TILS) in Breast Cancer: Recommendations by an International TILS Working Group 2014. Ann Oncol (2015) 26(2):259–71. doi: 10.1093/annonc/mdu450

29. Ibrahim, EM, Al-Foheidi, ME, Al-Mansour, MM, and Kazkaz, GA. The Prognostic Value of Tumor-Infiltrating Lymphocytes in Triple-Negative Breast Cancer: A Meta-Analysis. Breast Cancer Res Treat (2014) 148(3):467–76. doi: 10.1007/s10549-014-3185-2

30. Prizment, AE, Vierkant, RA, Smyrk, TC, Tillmans, LS, Nelson, HH, Lynch, CF, et al. Cytotoxic T Cells and Granzyme B Associated With Improved Colorectal Cancer Survival in a Prospective Cohort of Older Women. Cancer Epidemiol Biomarkers Prev (2017) 26(4):622–631. doi: 10.1158/1055-9965.EPI-16-0641

31. Savas, P, Salgado, R, Denkert, C, Sotiriou, C, Darcy, PK, Smyth, MJ, et al. Clinical Relevance of Host Immunity in Breast Cancer: From TILs to the Clinic. Nat Rev Clin Oncol (2016) 13(4):228–41. doi: 10.1038/nrclinonc.2015.215

32. Zander, R, Schauder, D, Xin, G, Nguyen, C, Wu, X, Zajac, A, et al. CD4+ T Cell Help Is Required for the Formation of a Cytolytic CD8+ T Cell Subset That Protects Against Chronic Infection and Cancer. Immunity (2019) 51(6):1028–1042.e4. doi: 10.1016/j.immuni.2019.10.009

33. Ma, C, Zhang, Q, Ye, J, Wang, F, Zhang, Y, Wevers, E, et al. Tumor-Infiltrating γδ T Lymphocytes Predict Clinical Outcome in Human Breast Cancer. J Immunol (2012) 189(10):5029–36. doi: 10.4049/jimmunol.1201892

34. Joshi, NS, Akama-Garren, EH, Lu, Y, Lee, DY, Chang, GP, Li, A, et al. Regulatory T Cells in Tumor-Associated Tertiary Lymphoid Structures Suppress Anti-Tumor T Cell Responses. Immunity (2015) 43(3):579–90. doi: 10.1016/j.immuni.2015.08.006

35. Yeong, J, Thike, AA, Lim, JCT, Lee, B, Li, H, Wong, SC, et al. Higher Densities of Foxp3+ Regulatory T Cells are Associated With Better Prognosis in Triple-Negative Breast Cancer. Breast Cancer Res Treat (2017) 163:21–35. doi: 10.1007/s10549-017-4161-4

36. Lee, S, Cho, EY, Park, YH, Ahn, JS, and Im, YH. Prognostic Impact of FOXP3 Expression in Triple-Negative Breast Cancer. Acta Oncol (2013) 52(1):73–81. doi: 10.3109/0284186X.2012.731520

37. Mahmoud, SMA, Lee, AHS, Paish, EC, MacMillan, RD, Ellis, IO, and Green, AR. The Prognostic Significance of B Lymphocytes in Invasive Carcinoma of the Breast. Breast Cancer Res Treat (2012) 132(2):545–53. doi: 10.1007/s10549-011-1620-1

38. Iglesia, MD, Vincent, BG, Parker, JS, Hoadley, KA, Carey, LA, Perou, CM, et al. Prognostic B-Cell Signatures Using mRNA-Seq in Patients With Subtype-Specific Breast and Ovarian Cancer. Clin Cancer Res (2014) 20 (14):3818–3829. doi: 10.1158/1078-0432.CCR-13-3368

39. Yang, M, Ma, B, Shao, H, Clark, AM, and Wells, A. Macrophage Phenotypic Subtypes Diametrically Regulate Epithelial-Mesenchymal Plasticity in Breast Cancer Cells. BMC Cancer (2016) 16:419. doi: 10.1186/s12885-016-2411-1

40. Zhang, W-J, Wang, X-H, Gao, S-T, Cheng, C, Xu, X-Y, Sun, Q, et al. Tumor-Associated Macrophages Correlate With Phenomenon of Epithelial-Mesenchymal Transition and Contribute to Poor Prognosis in Triple-Negative Breast Cancer Patients. J Surg Res (2018) 222:93–101. doi: 10.1016/j.jss.2017.09.035

41. Zhao, X, Qu, J, Sun, Y, Wang, J, Liu, X, Wang, F, et al. Prognostic Significance of Tumor-Associated Macrophages in Breast Cancer: A Meta-Analysis of the Literature. Oncotarget (2017) 8(18):30576–30586. doi: 10.18632/oncotarget.15736

42. Bergenfelz, C, Roxå, A, Mehmeti, M, Leandersson, K, and Larsson, AM. Clinical Relevance of Systemic Monocytic-MDSCs in Patients With Metastatic Breast Cancer. Cancer Immunol Immunother (2020) 69(3):435–448. doi: 10.1007/s00262-019-02472-z

43. Bergenfelz, C, Larsson, AM, Von Stedingk, K, Gruvberger-Saal, S, Aaltonen, K, Jansson, S, et al. Systemic Monocytic-MDSCs are Generated From Monocytes and Correlate With Disease Progression in Breast Cancer Patients. PLoS One (2015) 10(5):e0127028. doi: 10.1371/journal.pone.0127028

44. Gabrilovich, DI. Myeloid-Derived Suppressor Cells. Cancer Immunol Res (2017) 5:3–8. doi: 10.1158/2326-6066.CIR-16-0297

45. Dysthe, M, and Parihar, R. Myeloid-Derived Suppressor Cells in the Tumor Microenvironment. Adv Exp Med Biol (2020) 1224:117–40. doi: 10.1007/978-3-030-35723-8_8

46. Mamessier, E, Bertucci, F, Sabatier, R, Birnbaum, D, and Olive, D. “Stealth” Tumors: Breast Cancer Cells Shun NK-Cells Anti-Tumor Immunity. OncoImmunology (2012) 1(3):366–368. doi: 10.4161/onci.18528

47. Stovgaard, ES, Nielsen, D, Hogdall, E, and Balslev, E. Triple Negative Breast Cancer–Prognostic Role of Immune-Related Factors: A Systematic Review. Acta Oncol (2018) 57(1):74–82. doi: 10.1080/0284186X.2017.1400180

48. Jang, N, Kwon, HJ, Park, MH, Kang, SH, and Bae, YK. Prognostic Value of Tumor-Infiltrating Lymphocyte Density Assessed Using a Standardized Method Based on Molecular Subtypes and Adjuvant Chemotherapy in Invasive Breast Cancer. Ann Surg Oncol (2018) 25:937–46. doi: 10.1245/s10434-017-6332-2

49. Asano, Y, Kashiwagi, S, Goto, W, Takada, K, Takahashi, K, Hatano, T, et al. Prediction of Treatment Response to Neoadjuvant Chemotherapy in Breast Cancer by Subtype Using Tumor-Infiltrating Lymphocytes. Anticancer Res (2018) 38:2311–21. doi: 10.21873/anticanres.12476

50. Hida, AI, Sagara, Y, Yotsumoto, D, Kanemitsu, S, Kawano, J, Baba, S, et al. Prognostic and Predictive Impacts of Tumor-Infiltrating Lymphocytes Differ Between Triple-Negative and HER2-Positive Breast Cancers Treated With Standard Systemic Therapies. Breast Cancer Res Treat (2016) 158:1–9. doi: 10.1007/s10549-016-3848-2

51. Ruan, M, Tian, T, Rao, J, Xu, X, Yu, B, Yang, W, et al. Predictive Value of Tumor-Infiltrating Lymphocytes to Pathological Complete Response in Neoadjuvant Treated Triple-Negative Breast Cancers. Diagn Pathol (2018) 13(1):66. doi: 10.1186/s13000-018-0743-7

52. Park, HS, Heo, I, Kim, JY, Kim, S, Nam, S, Park, S, et al. No Effect of Tumor-Infiltrating Lymphocytes (TILs) on Prognosis in Patients With Early Triple-Negative Breast Cancer: Validation of Recommendations by the International TILs Working Group 2014. J Surg Oncol (2016) 114:17–21. doi: 10.1002/jso.24275

53. Dieci, MV, Mathieu, MC, Guarneri, V, Conte, P, Delaloge, S, Andre, F, et al. Prognostic and Predictive Value of Tumor-Infiltrating Lymphocytes in Two Phase III Randomized Adjuvant Breast Cancer Trials. Ann Oncol (2015) 26:1698–704. doi: 10.1093/annonc/mdv239

54. Pruneri, G, Vingiani, A, Bagnardi, V, Rotmensz, N, de Rose, A, Palazzo, A, et al. Clinical Validity of Tumor-Infiltrating Lymphocytes Analysis in Patients With Triple-Negative Breast Cancer. Ann Oncol (2016) 27:249–56. doi: 10.1093/annonc/mdv571

55. Pruneri, G, Gray, KP, Vingiani, A, Viale, G, Curigliano, G, Criscitiello, C, et al. Tumor-Infiltrating Lymphocytes (TILs) are a Powerful Prognostic Marker in Patients With Triple-Negative Breast Cancer Enrolled in the IBCSG Phase III Randomized Clinical Trial 22-00. Breast Cancer Res Treat (2016) 158:323–31. doi: 10.1007/s10549-016-3863-3

56. Denkert, C, von Minckwitz, G, Darb-Esfahani, S, Lederer, B, Heppner, BI, Weber, KE, et al. Tumour-Infiltrating Lymphocytes and Prognosis in Different Subtypes of Breast Cancer: A Pooled Analysis of 3771 Patients Treated With Neoadjuvant Therapy. Lancet Oncol (2018) 19:40–50. doi: 10.1016/S1470-2045(17)30904-X

57. Denkert, C, Von Minckwitz, G, Brase, JC, Sinn, BV, Gade, S, Kronenwett, R, et al. Tumor-Infiltrating Lymphocytes and Response to Neoadjuvant Chemotherapy With or Without Carboplatin in Human Epidermal Growth Factor Receptor 2-Positive and Triple-Negative Primary Breast Cancers. J Clin Oncol (2015) 33:983–91. doi: 10.1200/JCO.2014.58.1967

58. Dieci, MV, Criscitiello, C, Goubar, A, Viale, G, Conte, P, Guarneri, V, et al. Prognostic Value of Tumor-Infiltrating Lymphocytes on Residual Disease After Primary Chemotherapy for Triple-Negative Breast Cancer: A Retrospective Multicenter Study. Ann Oncol (2014) 25:611–8. doi: 10.1093/annonc/mdt556

59. Luen, SJ, Salgado, R, Dieci, MV, Vingiani, A, Curigliano, G, Gould, RE, et al. Prognostic Implications of Residual Disease Tumor-Infiltrating Lymphocytes and Residual Cancer Burden in Triple-Negative Breast Cancer Patients After Neoadjuvant Chemotherapy. Ann Oncol (2019) 30:236–42. doi: 10.1093/annonc/mdy547

60. Krishnamurti, U, Wetherilt, CS, Yang, J, Peng, L, and Li, X. Tumor-Infiltrating Lymphocytes are Significantly Associated With Better Overall Survival and Disease-Free Survival in Triple-Negative But Not Estrogen Receptor–Positive Breast Cancers. Hum Pathol (2017) 64:7–12. doi: 10.1016/j.humpath.2017.01.004

61. Leon-Ferre, RA, Polley, MY, Liu, H, Gilbert, JA, Cafourek, V, Hillman, DW, et al. Impact of Histopathology, Tumor-Infiltrating Lymphocytes, and Adjuvant Chemotherapy on Prognosis of Triple-Negative Breast Cancer. Breast Cancer Res Treat (2018) 167:89–99. doi: 10.1007/s10549-017-4499-7

62. Castaneda, CA, Mittendorf, E, Casavilca, S, Wu, Y, Castillo, M, Arboleda, P, et al. Tumor Infiltrating Lymphocytes in Triple Negative Breast Cancer Receiving Neoadjuvant Chemotherapy. World J Clin Oncol (2016) 7(5):387–394. doi: 10.5306/wjco.v7.i5.387

63. Galluzzi, L, Buqué, A, Kepp, O, Zitvogel, L, and Kroemer, G. Immunogenic Cell Death in Cancer and Infectious Disease. Nat Rev Immunol 2016 17:2 (2016) 17:97–111. doi: 10.1038/nri.2016.107

64. Ladoire, S, Mignot, G, Dabakuyo, S, Arnould, L, Apetoh, L, Rébé, C, et al. In Situ Immune Response After Neoadjuvant Chemotherapy for Breast Cancer Predicts Survival. J Pathol (2011) 224:389–400. doi: 10.1002/PATH.2866

65. Galvez, M, Castaneda, CA, Sanchez, J, Castillo, M, Rebaza, LP, Calderon, G, et al. Clinicopathological Predictors of Long-Term Benefit in Breast Cancer Treated With Neoadjuvant Chemotherapy. World J Clin Oncol (2018) 9(2):33–41. doi: 10.5306/wjco.v9.i2.33

66. Goto, W, Kashiwagi, S, Asano, Y, Takada, K, Takahashi, K, Hatano, T, et al. Predictive Value of Improvement in the Immune Tumour Microenvironment in Patients With Breast Cancer Treated With Neoadjuvant Chemotherapy. ESMO Open (2018) 3(6):e000305. doi: 10.1136/esmoopen-2017-000305

67. Matsumoto, H, Thike, AA, Li, H, Yeong, J, Koo, SL, Dent, RA, et al. Increased CD4 and CD8-Positive T Cell Infiltrate Signifies Good Prognosis in a Subset of Triple-Negative Breast Cancer. Breast Cancer Res Treat (2016) 156:237–47. doi: 10.1007/s10549-016-3743-x

68. Miyashita, M, Sasano, H, Tamaki, K, Chan, M, Hirakawa, H, Suzuki, A, et al. Tumor-Infiltrating CD8+ and FOXP3+ Lymphocytes in Triple-Negative Breast Cancer: Its Correlation With Pathological Complete Response to Neoadjuvant Chemotherapy. Breast Cancer Res Treat (2014) 148:525–34. doi: 10.1007/s10549-014-3197-y

69. Tian, W, Wang, L, Yuan, L, Duan, W, Zhao, W, Wang, S, et al. A Prognostic Risk Model for Patients With Triple Negative Breast Cancer Based on Stromal Natural Killer Cells, Tumor-Associated Macrophages and Growth-Arrest Specific Protein 6. Cancer Sci (2016) 107:882–9. doi: 10.1111/cas.12964

70. Vihervuori, H, Autere, TA, Kurki, S, Kallio, L, Lintunen, MM, Talvinen, K, et al. Tumor-Infiltrating Lymphocytes and CD8+ T Cells Predict Survival of Triple-Negative Breast Cancer. J Cancer Res Clin Oncol (2019) 145(12):3105–3114. doi: 10.1007/s00432-019-03036-5

71. Althobiti, M, Aleskandarany, MA, Joseph, C, Toss, M, Mongan, N, Diez-Rodriguez, M, et al. Heterogeneity of Tumour-Infiltrating Lymphocytes in Breast Cancer and its Prognostic Significance. Histopathology (2018) 73:887–96. doi: 10.1111/his.13695

72. West, N, Kost, S, Martin, S, Milne, K, Deleeuw, R, and Nelson, B. Tumour-Infiltrating FOXP3(+) Lymphocytes are Associated With Cytotoxic Immune Responses and Good Clinical Outcome in Oestrogen Receptor-Negative Breast Cancer. Br J Cancer (2013) 108:155–62. doi: 10.1038/bjc.2012.524

73. Adams, TA, Vail, PJ, Ruiz, A, Mollaee, M, McCue, PA, Knudsen, ES, et al. Composite Analysis of Immunological and Metabolic Markers Defines Novel Subtypes of Triple Negative Breast Cancer. Modern Pathol (2017) 31:288–98. doi: 10.1038/modpathol.2017.126

74. Abdou, Y, Attwood, K, Cheng, TYD, Yao, S, Bandera, EV, Zirpoli, GR, et al. Racial Differences in CD8+ T Cell Infiltration in Breast Tumors From Black and White Women. Breast Cancer Research : BCR (2020) 22(1):62. doi: 10.1186/S13058-020-01297-4

75. Wright, N, Lee, C, Guanhao, W, Krishnamurti, U, Li, X, Rida, PCG, et al. Abstract PR06: Differences in Tumor-Infiltrating Lymphocytes Between Racially Distinct Triple-Negative Breast Tumors. Cancer Epidemiol Prev Biomarkers (2018) 27(7 Suppl). doi: 10.1158/1538-7755.DISP17-PR06

76. O’Meara, T, Safonov, A, Casadevall, D, Qing, T, Silber, A, Killelea, B, et al. Immune Microenvironment of Triple-Negative Breast Cancer in African-American and Caucasian Women. Breast Cancer Res Treat (2019) 175(1):247–259. doi: 10.1007/s10549-019-05156-5

77. Takeuchi, Y, and Nishikawa, H. Roles of Regulatory T Cells in Cancer Immunity. Int Immunol (2016) 28:401–9. doi: 10.1093/INTIMM/DXW025

78. Cerbelli, B, Pernazza, A, Botticelli, A, Fortunato, L, Monti, M, Sciattella, P, et al. PD-L1 Expression in TNBC: A Predictive Biomarker of Response to Neoadjuvant Chemotherapy? BioMed Res Int (2017) 2017:1750925. doi: 10.1155/2017/1750925

79. Mori, H, Kubo, M, Yamaguchi, R, Nishimura, R, Osako, T, Arima, N, et al. The Combination of PD-L1 Expression and Decreased Tumorinfiltrating Lymphocytes is Associated With a Poor Prognosis in Triple-Negative Breast Cancer. Oncotarget (2017) 8(9):15584–15592. doi: 10.18632/oncotarget.14698

80. AiErken, NJ, Shi, HJ, Zhou, Y, Shao, N, Zhang, J, Shi, Y, et al. High PD-L1 Expression is Closely Associated With Tumor-Infiltrating Lymphocytes and Leads to Good Clinical Outcomes in Chinese Triple Negative Breast Cancer Patients. Int J Biol Sci (2017) 13:1172–9. doi: 10.7150/ijbs.20868

81. Li, X, Wetherilt, CS, Krishnamurti, U, Yang, J, Ma, Y, Styblo, TM, et al. Stromal PD-L1 Expression is Associated With Better Disease-Free Survival in Triple-Negative Breast Cancer. Am J Clin Pathol (2016) 146(4):496–502. doi: 10.1093/ajcp/aqw134

82. Street, D, Kaufmann, AM, Vaughan, A, Fisher, SG, Hunter, M, Schreckenberger, C, et al. Interferon-Gamma Enhances Susceptibility of Cervical Cancer Cells to Lysis by Tumor-Specific Cytotoxic T Cells. Gynecol Oncol (1997) 65:265–72. doi: 10.1006/gyno.1997.4667

83. Mandai, M, Hamanishi, J, Abiko, K, Matsumura, N, Baba, T, and Konishi, I. Dual Faces of Ifnγ in Cancer Progression: A Role of PD-L1 Induction in the Determination of Pro- and Antitumor Immunity. Clin Cancer Res (2016) 22:2329–34. doi: 10.1158/1078-0432.CCR-16-0224

84. Hoda, RS, Brogi, E, dos Anjos, CH, Grabenstetter, A, Ventura, K, Patil, S, et al. Clinical and Pathologic Features Associated With PD-L1 (SP142) Expression in Stromal Tumor-Infiltrating Immune Cells of Triple-Negative Breast Carcinoma. Modern Pathol (2020) 33:2221–32. doi: 10.1038/s41379-020-0606-0

85. Boman, C, Zerdes, I, Mårtensson, K, Bergh, J, Foukakis, T, Valachis, A, et al. Discordance of PD-L1 Status Between Primary and Metastatic Breast Cancer: A Systematic Review and Meta-Analysis. Cancer Treat Rev (2021) 99:102257. doi: 10.1016/j.ctrv.2021.102257

86. Byun, K, Hwang, HJ, Park, KJ, Kim, MC, Cho, SH, Ju, MH, et al. T-Cell Immunoglobulin Mucin 3 Expression on Tumor Infiltrating Lymphocytes as a Positive Prognosticator in Triple-Negative Breast Cancer. J Breast Cancer (2018) 21(4):406–414. doi: 10.4048/jbc.2018.21.e61

87. Herrero-Vicent, C, Guerrero, A, Gavilá, J, Gozalbo, F, Hernández, A, Sandiego, S, et al. Predictive and Prognostic Impact of Tumour-Infiltrating Lymphocytes in Triple-Negative Breast Cancer Treated With Neoadjuvant Chemotherapy. Ecancermedicalscience (2017) 11:759. doi: 10.3332/ECANCER.2017.759

88. Loi, S, Sirtaine, N, Piette, F, Salgado, R, Viale, G, Van Eenoo, F, et al. Prognostic and Predictive Value of Tumor-Infiltrating Lymphocytes in a Phase III Randomized Adjuvant Breast Cancer Trial in Node-Positive Breast Cancer Comparing the Addition of Docetaxel to Doxorubicin With Doxorubicin-Based Chemotherapy: BIG 02-98. J Clin Oncol (2013) 31(7):860–7. doi: 10.1200/JCO.2011.41.0902

89. Denkert, C, Loibl, S, Noske, A, Roller, M, Müller, BM, Komor, M, et al. Tumor-Associated Lymphocytes as an Independent Predictor of Response to Neoadjuvant Chemotherapy in Breast Cancer. J Clin Oncol (2010) 28:105–13. doi: 10.1200/JCO.2009.23.7370

90. Ono, M, Tsuda, H, Shimizu, C, Yamamoto, S, Shibata, T, Yamamoto, H, et al. Tumor-Infiltrating Lymphocytes are Correlated With Response to Neoadjuvant Chemotherapy in Triple-Negative Breast Cancer. Breast Cancer Res Treat (2012) 132:793–805. doi: 10.1007/S10549-011-1554-7

91. Rey-Vargas, L, Mejía-Henao, JC, Sanabria-Salas, MC, and Serrano-Gomez, SJ. Effect of Neoadjuvant Therapy on Breast Cancer Biomarker Profile. BMC Cancer (2020) 20:675. doi: 10.1186/s12885-020-07179-4

92. Parinyanitikul, N, Lei, X, Chavez-MacGregor, M, Liu, S, Mittendorf, EA, Litton, JK, et al. Receptor Status Change From Primary to Residual Breast Cancer After Neoadjuvant Chemotherapy and Analysis of Survival Outcomes. Clin Breast Cancer (2015) 15:153–60. doi: 10.1016/j.clbc.2014.09.006

93. Gahlaut, R, Bennett, A, Fatayer, H, Dall, BJ, Sharma, N, Velikova, G, et al. Effect of Neoadjuvant Chemotherapy on Breast Cancer Phenotype, ER/PR and HER2 Expression – Implications for the Practising Oncologist. Eur J Cancer (2016) 60:40–8. doi: 10.1016/j.ejca.2016.03.006

94. Hamy, A-S, Bonsang-Kitzis, H, de Croze, D, Laas, E, Darrigues, L, Topciu, L, et al. Interaction Between Molecular Subtypes and Stromal Immune Infiltration Before and After Treatment in Breast Cancer Patients Treated With Neoadjuvant Chemotherapy. Clin Cancer Res (2019) 25:6731–41. doi: 10.1158/1078-0432.CCR-18-3017

95. Pelekanou, V, Barlow, WE, Nahleh, ZA, Wasserman, B, Lo, Y-C, von Wahlde, M-K, et al. Tumor-Infiltrating Lymphocytes and PD-L1 Expression in Pre- and Posttreatment Breast Cancers in the SWOG S0800 Phase II Neoadjuvant Chemotherapy Trial. Mol Cancer Ther (2018) 17:1324–31. doi: 10.1158/1535-7163.MCT-17-1005

96. Urueña, C, Lasso, P, Bernal-Estevez, D, Rubio, D, Salazar, AJ, Olaya, M, et al. The Breast Cancer Immune Microenvironment is Modified by Neoadjuvant Chemotherapy. Sci Rep (2022) 12:7981. doi: 10.1038/s41598-022-12108-5

97. Gonzalez-Angulo, AM, Timms, KM, Liu, S, Chen, H, Litton, JK, Potter, J, et al. Incidence and Outcome of BRCA Mutations in Unselected Patients With Triple Receptor-Negative Breast Cancer. Clin Cancer Res (2011) 17:1082–9. doi: 10.1158/1078-0432.CCR-10-2560

98. Mansouri, M, Derkaoui, T, Bakkach, J, Loudiyi, A, Ghailani Nourouti, N, Barakat, A, et al. Screening of BRCA1 and BRCA2 Germline Mutations in Unselected Triple-Negative Breast Cancer Patients: A Series From North of Morocco. Precis Med Sci (2020) 9:43–8. doi: 10.1002/prm2.12009

99. de Boo, L, Cimino-Mathews, A, Lubeck, Y, Daletzakis, A, Opdam, M, Sanders, J, et al. Tumour-Infiltrating Lymphocytes (TILs) and BRCA-Like Status in Stage III Breast Cancer Patients Randomised to Adjuvant Intensified Platinum-Based Chemotherapy Versus Conventional Chemotherapy. Eur J Cancer (2020) 127:240–50. doi: 10.1016/j.ejca.2019.12.003

100. Liu, Z, Li, M, Jiang, Z, and Wang, X. A Comprehensive Immunologic Portrait of Triple-Negative Breast Cancer. Trans Oncol (2018) 11:311–29. doi: 10.1016/j.tranon.2018.01.011

101. Jiang, T, Shi, W, Wali, VB, Pongor, LS, Li, C, Lau, R, et al. Predictors of Chemosensitivity in Triple Negative Breast Cancer: An Integrated Genomic Analysis. PLoS Med (2016) 13:e1002193. doi: 10.1371/journal.pmed.1002193

102. van Vugt, MATM, and Parkes, EE. When Breaks Get Hot: Inflammatory Signaling in BRCA1/2-Mutant Cancers. Trends Cancer (2022) 8:174–89. doi: 10.1016/j.trecan.2021.12.003




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


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

Copyright © 2022 Huertas-Caro, Ramirez, Gonzalez-Torres, Sanabria-Salas and Serrano-Gómez. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




MINI REVIEW

published: 02 August 2022

doi: 10.3389/fonc.2022.955057

[image: image2]


Sexual dysfunction as a challenge in treated breast cancer: in-depth analysis and risk assessment to improve individual outcomes


Abraham Hernández-Blanquisett 1, Valeria Quintero-Carreño 1, Angelina Álvarez-Londoño 1, María Cristina Martínez-Ávila 1* and Raissa Diaz-Cáceres 2


1 Cancer Institute, Centro Hospitalario Serena del Mar, Cartagena, Colombia, 2 Department of Psychology Oncology, Centro Hospitalario Serena del Mar, Cartagena, Colombia




Edited by: 

Maria Rosaria De Miglio, University of Sassari, Italy

Reviewed by: 

Elise Radiname, Miami University, United States

*Correspondence:
 María Cristina Martínez-Ávila
 maria.martinez@chsm.com

Specialty section: 
 This article was submitted to Breast Cancer, a section of the journal Frontiers in Oncology


Received: 28 May 2022

Accepted: 07 July 2022

Published: 02 August 2022

Citation:
Hernández-Blanquisett A, Quintero-Carreño V, Álvarez-Londoño A, Martínez-Ávila MC and Diaz-Cáceres R (2022) Sexual dysfunction as a challenge in treated breast cancer: in-depth analysis and risk assessment to improve individual outcomes. Front. Oncol. 12:955057. doi: 10.3389/fonc.2022.955057



The increasing number of breast cancer survivors has led to a greater emphasis on issues related to quality of life (QoL). Up to 75% of women treated for breast cancer (BC) report sexual disorders. However, most oncologists are not trained to recognize which patients are at high-risk of developing sexual disorders. Female sexual dysfunction (FSD) is common in patients with BC; we found that patients without FSD prior to BC treatment are at risk of developing FSD after treatment. Treatment of early BC relies on the combination of chemotherapy, surgery, and radiation therapy. All these treatments have side effects or sequelae identified as high-risk factors for the development of FSD. The choice of less toxic treatments in each modality could reduce the risk of FSD in some cases, without affecting the risk of recurrence or effectiveness. A comprehensive approach of BC must consider FSD as a determinant factor of QoL in survivors.
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Introduction

Breast cancer (BC) is the most common cancer in women worldwide, with more than 2.2 million cases in 2020 (1), it is the leading cause of cancer mortality in women in the world. According to figures from the World Health Organization (WHO) in 2020, around 685,000 women died as a result of BC, with most deaths occurring in low and middle-income countries (1). Fortunately, with early diagnosis and proper treatment, BC patients can have 5-year survival rates of 80-90% (2). The increasing number of survivors has led to a greater emphasis on issues related to quality of life (QoL) in BC survivors.

The treatments of BC have particular consequences for the female body, which can directly influence a woman’s self-esteem, appearance and sexual desire (3, 4). Despite efforts to comprehensively address survivorship issues in these patients, several concerns remain unaddressed, particularly those related to sexual function (3, 4). Most oncologists are not trained to advise, carry out preventive interventions or treat patients with disorders related to alterations in sexual function, mainly because of the lack of education on this topic during oncology training. Reports indicated that many doctors are uncomfortable or ill-prepared to address female sexual dysfunction (FSD) (3). Up to 75% of people treated for BC report temporary or permanent physical, psychological, or interpersonal sexual concerns (4) and sexual disorders, as well as disorders related to anxiety, pain, fatigue, marital life, and their overall QoL (3, 5). However, in daily practice it is unusual for BC survivors to be referred to sexologist to assess these aspects at the end of treatment.

?>In short, addressing concerns about sexuality and intimacy are paramount issues in the care of BC survivors, who must be in the care of a specialist in sexologist for the comprehensive management of FSD (5).

In this manuscript, we review the literature on BC and sexuality to describe the risk factors most frequently related to FSD after breast cancer diagnosis and treatment. Based on this research, we developed a checklist that could be helpful in identifying patients at high-risk for FSD and could help oncologists refer high-risk patients accurately.



Early BC current treatments

The fundamental pillars of local treatment for BC are surgery, chemotherapy, and radiotherapy. Over the course of several decades, the surgical treatment of BC has evolved significantly, from radical mastectomy to breast conserving surgery (lumpectomy), with the intention to minimize the cosmetic and functional sequelae (6). The main goal of breast conservation therapy is to provide primary tumor control and to preserve an acceptable cosmetic appearance of the breast comparable to mastectomy (6).

Today, the standard management of early-stage invasive BC and carcinoma in situ is lumpectomy with whole breast radiotherapy (WBRT), which is equivalent in terms of overall survival and local recurrence to radical mastectomy. In these patients, radiotherapy reduces the risk of local recurrence by 60-70% in invasive tumors and by 50-60% in tumors in situ (7–9). This is considered a remarkable achievement of modern oncology since previously, all women with BC, regardless of the stage of their disease, were treated with a radical mastectomy, which increases the incidence and severity of depression and anxiety in these patients (10). Additionally, studies have shown that women undergoing lumpectomy are more likely to sustain feelings for their physical attractiveness (11). The remaining percentage of breast tissue contributes to better breast-specific sensuality; being an important part of sexual desire during intercourse, intimacy and/or the experience of pleasurable breast caressing (11). This seems to correlate with improved sexual function postoperatively (11).

Regarding BC in localized advance-stage cancer, scientific evidence supports the use of neoadjuvant chemotherapy (NCT) mainly based on Anthracyclines and Taxanes, to reduce the size of the tumor so that the patient can be managed with conservative surgery and WBRT (12–14). If this is not achieved, the indicated treatment will be mastectomy and chest wall radiation, since the latter provides a benefit in terms of local control with a decrease in the relative risk of recurrence of 60-70% and an improvement in terms of overall survival of 10% (12–14). Despite the indisputable clinical benefits of NCT, unfortunately, in most cases there are significant toxicities such as alopecia, neutropenia, nausea, vomiting, anemia and premature ovarian failure. In addition, some side effects such as chronic fatigue, neurotoxicity, cardiotoxicity or FSD can appear months after treatment. In this context, Anthracycline-free regimens are an interesting option to consider, since they have shown less toxicity with equal efficacy (15).

On the other hand, the most commonly injured organs during radiation therapy treatment in BC patients are skin, heart, and lung; and, if regional nodal irradiation is added, secondary effects may occur in the brachial plexus and shoulder (6). At present, with the development of modern techniques, radiotherapy generally does not generate significant acute and late toxicity that impairs QoL. However, the cosmetic changes that this can generate on the irradiated breast continue to be a great concern due to the subsequent emotional impact that patients can experience and report. Worse cosmetic results have been described with treatment decisions as doses greater than 50 Gy, addition of boost, regional nodal irradiation, inhomogeneity of the radiation dose, more than two fields and no use of compensation filters (6). Likewise, other characteristics such as breast size, age, race, extent of surgical resection, scar orientation and chemotherapy can also affect aesthetic results and self-perception of the body, and therefore must be considered in treatment selection (6).



Sexual education in the medical school

For medicine faculties, sexual education focuses on birth control, anatomy, and physiology of the reproductive organs (16). Studies have shown that sexual health education among undergraduate medical students predominantly focuses on reproduction and organic diseases (70%) (17). Likewise, a survey carried out with 125 medical students reveals that 53.8% were afraid of offending the patient asking about sexual health topics and 33.4% admitted insufficient knowledge on the topic (17).

Sexual supportive care should be discussed and taught as an integral part of training in medical school concerning sexual education and rights in all patients, especially in oncological patients. Sexual education must be taught during medical school and up to all the specialists dealing with sexual health problems in clinical practice (urology, obstetrics and gynecology, psychiatry, endocrinology, oncologist) (16, 18). However, this does not happen in most medical schools and training programs in most countries around the world. In Latin America for example, a survey demonstrated no more than 18% medical schools provide some type of modern instruction on sexual education (19). Among 366 participants from 40 countries in Europe, 62.3% surveyed had not received any training in sexual health and 48,1% did not have it as a part of their curriculum (18). Literature corroborates the lack of sexual education as a tangible reality.



Sexual functioning and BC patients

The WHO defines human sexuality as a permanent and continuous variable throughout the life cycle (20). It includes sex, gender identity, sexual orientations, eroticism, subjective sexual arousal, pleasure, intercourse, intimacy, and reproduction as main categories, which are reinforced through social, historical, cultural, psychological, ethical, legal, historical, spiritual, religious construction, experienced through the belief system of each individual immersed in a culture or social group (20, 21).

From the traditional physiological model, Master and Johnson represented sexual response as a linear state that includes the phases of arousal, plateau, orgasm, and resolution (22). In men, there is also a refractory period (22). Later, Kaplan (1979), recognized a new phase in this interpretation of sexual functioning by assigning the variable desire or sexual interest defined as an emotion, an impulse that causes motivation to initiate and continue establishing interpersonal relationships accompanied by the sensation of intimacy and affection for the full enjoyment of pleasure through the human potentiality of eroticism (23). Sexual intimacy and consummating erotic desire are then phases associated with the perception of affective responses as a fundamental part of sexual satisfaction, the latter being the result or state of gratification reinforced through sexual communication between the couple (20, 24).

Another model of sexual response that strays from a purely biological explanation, which includes desire, is Basson’s cycle of sexual response in women (25). According to Basson’s model, female sexual function is found in the context of awareness of non-sexual needs that are explained through the bond of emotional intimacy, affection, commitment, tolerance, and perhaps sexual activity (25). Thus, sexual functioning is interpreted through a deliberate decision to choose a sexual stimulus that could lead to physical experience, subjective arousal, and the possibility or not of having an orgasm (25).

As has been observed so far, sexual functioning requires several variables that lead to the recognition of a free enjoyment of sexuality, requiring a synchrony between organic, psychological, affective, behavioral, cultural, and other dimensions. The diagnosis of BC, its symptomatology, and the respective treatments, influence the patient’s perception of their QoL (25). Concern about the possibility of being mutilated, the risk of dying, the prolonged presence of pain and the distortion of their body image are risk factors that trigger anxious and depressive symptoms, suffering or distress (25).

In this aspect, the diagnosis, and some type of treatments for BC will be risk factors for sexual health impairment and FSD, in addition to physical or mental health alterations. The Netherlands Cancer Institute in Amsterdam conducted a study with 169 BC survivors and 67 partners to identify the correlation between sexual dysfunctions and BC in women, showing a prevalence of hypoactive sexual desire disorder in 83% of cases, followed by sexual arousal disorder with 40% and finally a 33% incidence for a diagnosis of dyspareunia (26). Dyspareunia affects female sexual health by alterations in sexual satisfaction, orgasmic functioning, and the appearance of pain during sexual intercourse (26). The perception of declining QoL is interpreted with the presence of sexual dysfunctions. For this reason, sexuality should be considered fundamental in therapeutic decisions following a diagnosis of BC. The question is timing: when should we refer to the specialist? Most patients do not complain of sexual health problems at the time of diagnosis (27, 28), conversely the simultaneous monitoring of a multidisciplinary care group that includes sex therapists, sexologists or clinical sexologists could prevent the risk of sexual dysfunction (29, 30).

The recommendation for the integral management of female sexuality and BC seeks to promote an intervention for the reinterpretation of the sexual response based on sexual desire and satisfaction, its reorganization before the possibility of sexual activity without penetration, the use of lubricants and vibrators as non-pharmacological strategies, providing counseling and couples therapy as protective factors to resume intimacy and sexual communication (27).



Identifying which patients are in high-risk of sexual dysfunction

BC patients face great challenges in their lives. Once their BC doctor utters those terrible words, their world is turned upside down. As clinicians, our goal is to fight the disease in all its aspects; modern oncology goes beyond the simple prescription of chemotherapeutic agents. The multidisciplinary approach is the gold standard for the treatment of BC, which involves specialists from multiple areas in the diagnosis, treatment, rehabilitation, and follow-up. Nevertheless, there are some holdovers from the old days where BC doctors remain oblivious to some situations that are vital to patients. Sometimes sexuality is the last topic to be addressed in follow-ups, but FSD directly impacts a patient’s mood and subsequent recovery from cancer (17, 28). As mentioned above, many BC specialists are not adequately trained to recognize and treat FSD associated with BC treatments. In this context, we reviewed the literature to find what factors could identify those patients at high-risk for sexual dysfunction and we put them together into one simple checklist that could help clinicians address the problem easily and in a timely manner.

Below, we present the main risk factors related to sexual dysfunction in BC patients in a checklist format (Table 1). Other widely known risk factors for sexual dysfunctions, such as chronic severe diseases, endocrine disorders, obesity, smoking, hypertension, psychiatric disorders, hysterectomy, age, marital status, sexual orientation, or sociocultural factors were grouped under the category of others risk factor for FSD not related to BC (29, 30). Because these factors are not directly related with BC treatment.


Table 1 | Risk factors for female sexual dysfunction in breast cancer survivors.





Selected Risk factors


Mastectomy

In 2014, L Aerts et al. conducted a prospective controlled study comparing the impact of mastectomy versus breast-conserving surgery on the sexual functioning of 149 BC patients compared to 149 age-matched controls. The median age was 57 years and most of the patients were cohabiting or married patients. In this study, 68 patients were treated with mastectomy and 81 with conservative surgery. In the month prior to surgery, 76% of the breast-conserving surgery group and 50% of the mastectomy group were sexually active. The Dyadic Adjustment Scale (DAS) was used to assess the quality of the couple’s relationship, to measure the impact on sexual functioning, two questionnaires developed by the authors were used. The results showed no difference between healthy patients and those who underwent conservative surgery for BC. However, compared to healthy women, women in the mastectomy group show more problems in sexual desire and sexual arousal six months after surgery and more problems in sexual desire, the ability to achieve orgasm, and a lower intensity of orgasm 1-year after surgery. These differences were statistically significant (31).



Chemotherapy

Premature ovarian failure caused by chemotherapy results in decreased estrogen levels and is a known cause of vaginal dryness and dyspareunia. In 2002, Ganz et al. showed the results of a retrospective follow-up of 817 BC survivors, where sex life was significantly worse in women who received chemotherapy compared to women who received tamoxifen (32). Another study in 2017 reported that anti-Müllerian hormone levels are undetectable in most women receiving chemotherapy and, more importantly, remain at low levels after completion of treatment in most women (33). In addition, in 2021, Qi et al. published a retrospective study of 201 women <50 years without FSD prior to treatment, who were evaluated after finishing their treatment for BC. Unfortunately, 83% documented the appearance of sexual dysfunction. In the multivariate analysis, chemotherapy was found as an independent risk factor for FSD (OR 11.876). In addition to total mastectomy (OR 7.84) and endocrine therapy (OR 19.688) (34).



Aromatase inhibitors

In 2011, Panjari et al, conducted a retrospective study of 1,684 BC patients enrolled in the BUPA trial and assessed their sexual function using the Menopause-Specific Quality of Life Questionnaire, a set of 5 questions “yes/no” scores on libido were included to determine whether low libido was prior or secondary to breast cancer and treatment. Patients older than 70 years, with active disease, widowers and without a partner were excluded from the final analysis. The authors found that prior to diagnosis, 82.7% of the patients had good and satisfactory sexual function. At the time of the questionnaire, 70% of the patients reported sexual function problems. In this study, women taking aromatase inhibitors were 1.5 times more likely to report sexual function problems (OR 1.50, 95% CI 1.0, 2.2, P = 0.04), while women using tamoxifen did not (OR 1.1, 95% CI 0.8, 1.5, P = 0.6) (35).



Use of concomitant medication

Selective serotonin reuptake inhibitors (SSRIs) and serotonin and norepinephrine reuptake inhibitors (SNRIs) used for hot flashes secondary to tamoxifen or anti-estrogen therapies can cause reduced libido, altered excitement and anorgasmia. Reducing the dose or changing to a different drug could be helpful in these cases, because the effect may be dependent on the dose of the drug (36).



Chronic pain

With advances and greater effectiveness in the treatment of BC, there are more survivors of this disease, and because of this, many women are left with a lasting legacy of chronic pain, which has a significant impact on their functionality, physical health, sexual, emotional and in general in their QoL. Chronic pain, generally of the neuropathic type, is reported in the literature as the most frequent complication in BC survivors (37, 38). Chronic pain after BC surgery has traditionally been called Postmastectomy Pain Syndrome (PMPS) (39). However, this term can be misleading, since persistent pain can also develop after breast-conserving surgeries, therefore nomenclatures such as postoperative breast pain or persistent pain after BC surgery are also used (39). The International Association for the Study of Pain defines PMPS as chronic pain (greater than three months of evolution), non-malignant and that does not stop immediately after BC surgery, affecting the anterior chest, armpit and/or the upper medial aspect of the arm (37, 40). Incidence rates for persistent pain after BC surgery vary in the literature, with reports ranging in their estimates from 11-57% (39).

Another type of painful condition described after breast surgery is phantom breast syndrome, which comprises a set of symptoms that occur in the absent breast (37, 41). These symptoms range from intensely painful phenomena to simple discomfort or non-painful sensations such as itching, throbbing, pressure, or a tingling sensation, which occur in 30-80% of women after mastectomy (41). Anxiety or stress can worsen this clinical picture. Therefore, it is very important that the doctor inquiries about these symptoms in order to offer therapeutic options to patients that allow them to improve their QoL.

The therapeutic approach to these types of pain described should be based on multimodal pain treatment, generally, it is carried out according to the analgesic ladder of the WHO (42), associating adjuvant treatment, neuromodulators, physical therapy and in some cases interventional management.




Discussion

Education and sexual health should be considered a mainstay in the care of cancer patients in general. It is necessary to ask, instruct and encourage sexual practices and provide safe environments to freely discuss this issue during the consultation. Just as we take the time to explain to our patients how and when to take their oral chemotherapy pills, we must also prescribe, counsel, and encourage safe sexual practices. We must always remember that sexuality is an important issue for the health and QoL of women.

FSD is common in patients with BC; in our review we found robust evidence that patients without FSD prior to BC treatment are at risk of developing FSD after treatment. Treatment of early BC currently relies on the combination of chemotherapy, surgery, and radiation therapy. All these treatments have side effects or sequelae that have been identified as high-risk factors for the development of FSD. Nonetheless, when deciding the ideal treatment for each patient, the risk of FSD is not normally considered, nor is it specifically recommended in international clinical practice guidelines.

Treatment course sometimes use the combination of 3 or more options that are considered of high-risk for the development of FSD. For example, NCT regimens, followed by mastectomy, radiotherapy, hormonal therapy with aromatase inhibitors is common. What, if it is worth discussing, the choice of less toxic treatments in each modality? For instance, consider the use of short and Anthracycline-free chemotherapy regimens, chosing conservative surgery, when possible, prescribe less toxic radiotherapy techniques such as IMRT and avoiding the risk factors associated with worse cosmetic result, described in the treatment section.

We believe that a better selection of treatment options could, in some cases, reduce the risk of FSD. In addition, early referral to an expert in sexology could reduce the impact on QoL and sexual life of those patients who already have high-risk factors at the initial visit or post-treatment visit. However, in our daily practice it is rare for patients with high-risk factors to be referred to an expert in sexology, unless they developed FSD. We believe that this is mainly due to two factors:

1) The lack of proper training for doctors in matters of sexology that leads to the non-recognition of sexual health as a vital important issue. Bearing this in mind, it would be important for the health-care institutions to include in their educational programs in medicine and areas related to oncology more training on issues of sexology.

2) The non-perception of the BC treatments carried out as high-risk factors for FSD. This point was what motivated us to design a simple checklist where doctors can quickly consult if the patient has a high-risk of FSD and with this select a better treatment strategy (if possible) in addition to referring the BC survivor to a specialist in sexology at the right time.



Conclusions

The evaluation of FSD is of great relevance. The identification of specific needs for the cancer patient will improve the QoL in that difficult stage. Education and sexual health should be considered a pillar in the care of patients with cancer. The right moment to approach sexuality is a great challenge in daily practice and a good relationship with the patient is essential, knowing risk factors could help oncologists refer high-risk patients on a timely basis. We need to learn to approach both cancer and sexuality with compassion.
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Background

The coronavirus disease 2019 (COVID-19) pandemic is disrupting routine medical care of cancer patients, including those who have cancer or are undergoing cancer screening. In this study, breast cancer management during the COVID-19 pandemic (BCMP) is reviewed, and the research trends of BCMP are evaluated by quantitative and qualitative evaluation.



Methods

In this study, published studies relating to BCMP from 1 January 2020 to 1 April 2022 were searched from the Web of Science database (WoS). Bibliometric indicators consisted of publications, research hotspots, keywords, authors, journals, institutions, nations, and h-index.



Results

A total of 182 articles investigating BCMP were searched. The United States of America and the University of Rome Tor Vergata were the nation and the institution with the most publications on BCMP. The first three periodicals with leading published BCMP studies were Breast Cancer Research and Treatment, Breast, and In Vivo. Buonomo OC was the most prolific author in this field, publishing nine articles (9/182, 4.94%). The co-keywords analysis of BCMP suggests that the top hotspots and trends in research are screening, surgery, rehabilitation, emotion, diagnosis, treatment, and vaccine management of breast cancer during the pandemic. The hotspot words were divided into six clusters, namely, screening for breast cancer patients in the pandemic, breast cancer surgery in the pandemic, recovery of breast cancer patients in the pandemic, motion effect of the outbreak on breast cancer patients, diagnosis and treatment of breast cancer patients in the pandemic, and vaccination management for breast cancer patients during a pandemic.



Conclusion

BCMP has received attention from scholars in many nations over the last 3 years. This study revealed significant contributions to BCMP research by nations, institutions, scholars, and journals. The stratified clustering study provided the current status and future trends of BCMP to help physicians with the diagnosis and treatment of breast cancer through the pandemic, and provide a reference for in-depth clinical studies on BCMP.





Keywords: COVID-19, breast cancer, management, research hotspots, bibliometric analysis



Introduction

Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2, has significantly affected >220 million individuals worldwide (1). The susceptibility to the adverse effects caused by COVID-19 has received huge amounts of global attention, due to the potentially increased vulnerability of COVID-19-induced mortality (2). During the pandemic, the management of cancer patients has changed significantly, which consists of delayed breast cancer screening, untimely treatment and follow-up, and breast cancer recovery after infection with COVID-19 (3–8). The true effect of the COVID-19 pandemic on patient outcomes remains unknown, though most of the changes were reasonable responses to the current healthcare emergency (3). Breast cancer is one of the most common malignancies in women worldwide, and breast cancer has surpassed lung cancer as the most commonly diagnosed cancer, with an estimated 2.3 million new cases within a year (9, 10). Accordingly, there is an urgent need to find research on breast cancer management in pandemics for breast cancer patients. Bibliometric is a method of quantitative analysis, which employs co-keyword and co-citation analysis of previous studies to facilitate the identification of popular themes and emerging trends in all study fields (11, 12). Thus, many scholars have performed bibliometric analysis on diseases (13–16), using CiteSpace, VOSviewer, and Bibliographic Items Co-occurrence Matrix Builder (BICOMB) for analysis and visualization (17–19). Nevertheless, there have been no bibliometric studies about BCMP throughout the COVID-19 pandemic. Thus, through our study, research hotspots and future directions in this field were highlighted, providing a reference for in-depth clinical practice related to BCMP.



Methods


Systematic search strategy

This study was not approved by an institutional committee since the relevant public data were retrospectively reviewed. Articles were searched from the Web of Science (WoS) database. The literature between 1 January 2020 and 30 April 2022 was reviewed. The time frame of the study was from the outbreak of the COVID-19 to the present. Search phrases included (TI=(“neoplasm of the breast” OR “breast neoplasm” OR “carcinoma breast” OR “carcinoma of the breast” OR “breast cancer” OR “cancer of the breast” OR “breast cancer”)) AND TI=(“SARS-COV2” OR “Severe Acute Respiratory Syndrome Coronavirus-2” OR “SARS coronavirus 2” OR “2019 novel coronavirus” OR 2019-nCoV OR SARS-CoV-2 OR “coronavirus disease 2019” OR “coronavirus 2019” OR “COVID 19”) AND PY= (2012–2021)) AND DT=(Article)). Original articles were only incorporated; letters, editorial material, and reviews were excluded. A total of 182 articles were correlated with our topics. Two researchers verified that these publications matched the themes of this study. Any differences of opinion were discussed until a consensus was reached.



Data analysis

CiteSpace, R language, and VOSviewer were utilized for creating data tables and visual knowledge graphs. CiteSpace is largely based on co-citation analysis and pathfinder network scaling to investigate the articles on a particular subject, which allows users to find the vital development and knowledge turning point in the discipline history (20). VOSviewer is a tool to create maps based on network, bibliographic, or text data (21). BCMP was analyzed with the use of the R-based Biblioshiny app, thus creating a web interface for bibliometrics (https://bibliometrix.org/) (22). Results are based on the qualitative and quantitative investigation according to the numbers of publications, nations, h-index [a valid and reliable indicator for academic assessment (23)], keywords, hotpots, co-occurrence status, citations, authors, journals, and institutions. The degree of communication in this field was partly based on surveys of co-authors. The links between the visualization knowledge maps among nodes showed the cooperative ties. The size of the circle represents the amount of relevant domain volume.

Bibliographic Item Co-Occurrence Matrix Builder (BICOMB) is available freely online (23, 24). Next, with the use of the software “gCLUTO”, version 1.0 (Graphical CLUstering TOolkit, a graphical front-end in terms of the CLUTO data clustering library, proposed by Rasmussen, http://glaros.dtc.umn.edu/gkhome/cluto/gcluto/download), a binary matrix was built in accordance with BICOMB based on commonplace significant MeSH terms representing the rows and with source articles representing the columns in terms of further biclustering (24). Parameters of biclustering in gCLUTO were set according to those appropriate for biclustering analysis based on articles (25). Repeated bisection was selected for the clustering method, cosine for the similarity function, and I2 for the clustering criterion function. To distinguish the optimal number of clusters, the biclustering with different cluster numbers was rerun (26). With the use of matrix visualization as well as mountain visualization, we presented the biclustering results achieved by the matrix of extensive major keywords-source articles (27). The basic framework of research hotspots of BCMP was generated and studied based on the semantic relationship among hotspot words and the content of the typical paper in the respective cluster.




Results


Current status

After screening, 182 articles on the topic of BCMP during the COVID-19 pandemic were acquired from the WOS database in less than 3 years, particularly in 2021 with 104 articles accounting for 57.1% of the total literature, thus significantly contributing to this study.



Analysis of nations and institutions

A total of 60 nations contributed to breast cancer management during the COVID-19 pandemic in the study period. The United States of America had the largest number of articles (54 of 182 [29.67%]), followed by Italy (34 articles [18.68%]), P.R. China (17 articles [9.34%]), Turkey (14 articles [7.69%]), and England (13 articles [7.14%]) (Figure 1). Italy achieved the maximum h-indexes (10), followed by the United States of America, China, Turkey, and England (Figure 1). The collaboration world map shows the number of publications, with darker colors representing more papers; the number of connecting lines represents the amount of cooperation between nations (Figure 2). The United States of America, China, and the UK, with the United States of America at the core, are working and communicating tightly in terms of BCMP. Figure 3 presents the prolific institutions in BMCP. Policlinico Tor Vergata University published 30 articles, Huazhong University of Science and Technology published 20 articles, and University Medical Center Utrecht published 17 articles. Policlinico Tor Vergata University is the most relevant institution linked to BCMP because it has the largest number of documents (Figure 3). Figure 4 presents a map of the institution’s collaborative network related to BCMP. The same color means that the institution is from the same nation. Larger circles mean more articles were published. More connecting lines means more collaboration. The connecting line means cooperation, showing a centralized distribution and good collaboration among the above institutions. As depicted in Figure 4, Huazhong University of Science and Technology, University Medical Center Utrecht, and Policlinico Tor Vergata University cooperated closely in the field of BCMP.




Figure 1 | The top five countries that contributed to research publications in the field.






Figure 2 | The country collaborative map in the field of BCMP.






Figure 3 | The most relevant affiliations linked to articles of BCMP (top 20).






Figure 4 | The map of the institution’s collaborative network.





Analysis of journals

Articles regarding BCMP were published in 101 science journals. The top five journals consisted of Breast Cancer Research and Treatment, with 11 papers (6.04%); Breast, with 7 (3.84%); the In Vivo, with 7 (3.84%); Cancer, with 5 (2.74%); and the European Journal of Breast Health, with 5 (2.74%) (3.75%; Figure 5). The average impact factor of the journals was about 4, with most belonging to Q2.




Figure 5 | The top five journals in number of articles published.





Analysis of authors and references

Buonomo OC was the most prolific author in this field, publishing nine articles (9/182, 4.94%), followed by Vanni G, Matarazzo M, and Pellicciaro M, who published eight articles (4.40%) and were cited over 30 times. Interestingly, all of them achieved the same h-index (h-index = 6) and came from the same institution (University of Rome Tor Vergata) and nation (Italy). The top 10 authors have a steady output and total citation in the 2 years. A list of the top authors’ productions over time is shown in Figure 6. The size of the dark blue circles represents the number of publications by the author; the size of the light blue circles represents how many times the article has been cited. Thus, Figure 6 shows the evolution of publications and citations over time for highly productive authors. Authors who have published prolific articles are also highly cited authors.




Figure 6 | The top author’s production over time.



The top 10 papers have been cited 465 times (Supplementary Table S1). The greatest and smallest number of citations for a particular article were 110 and 24. Four articles were from Italy, three from the UK, and one from China, France, and the United States of America.



Analysis of keywords

With the use of high-frequency keywords to identify the hotspots of research, these and other vital issues can be effectively determined. A total of 380 keywords were extracted based on BICOMB from the 182 publications. The frequency of 2 was defined as high-frequency keywords, and 60 keyword matrixes were classified. The 10 most frequent keywords consisted of COVID-19, breast cancer, quality of life, women, impact, therapy, diagnosis, survival, health, and surgery. The keywords co-occurrence map shows that larger nodes had larger keyword weights, and the linkage of keywords represents simultaneous appearance in one document (Figure 7). The different colors in the co-occurrence chart can be observed, the dark color represents the keywords appearing earlier, and the light color represents the keywords appearing recently (Figure 7). The development direction of BCMP was analyzed according to the thematic map (Figure 8). The abscissa is the correlation degree of centrality, and the ordinate is the development degree of hotspot keywords. It is suggested that the basic themes are emotional influence, quality of life, and treatment. The mainstream themes are chemotherapy, neoadjuvant therapy, endocrine therapy, radiotherapy, breast-conserving surgery, and follow-up. The decline theme is questionnaire, telemedicine, and mammography.




Figure 7 | The co-occurrence map of keywords.






Figure 8 | The thematic map of keywords plus.





Cluster analysis of research hotspots

Subsequently, similar categories of keywords are assigned to the same cluster using gCLUTO for biclustering analysis. The above clusters revealed the vital research field and critical research content. The substantial number represents the cluster number within the visualized mountain map (Figure 9). The mountain volume was directly proportional to the keyword number in the cluster. In addition, a proportional relationship was found between height and within-group similarity. The red spikes represent good intraclass similarity, the yellow and green spikes represent average intraclass similarity, and the blue proxy variant shows low intraclass similarity. The distance between the peaks can be used to evaluate the similarity between clusters. The six small mountains were relatively independent and distributed, suggesting a significant clustering effect. Figure 10 presents the visualized heat map linked to the keyword matrix. Rows represent published literature and columns represent cluster numbers. The colors stand for values within the initial data matrix. In general, color depth stands for the values in the initial data matrix. The white area stands for a value approaching zero. The deepened red area can represent a significant value. The major keywords for the six clusters are presented in Supplementary Table S2. The greater the internal similarity, the better the clustering; the smaller the external similarity, the better the clustering. Six research clusters in the field of BCMP were demonstrated by identifying the semantic connection in words with a high frequency and their source articles:




Figure 9 | The visualized mountain map of the keywords: Cluster 0: Screening for breast cancer patients during the pandemic; Cluster 1: Breast cancer surgery in the pandemic; Cluster 2: Recovery of breast cancer patients during the pandemic; Cluster 3: Motion impact of the outbreak on breast cancer patients; Cluster 4: Diagnosis and treatment of breast cancer patients during the pandemic; Cluster 5: Clinical vaccine management of breast cancer patients during a pandemic.






Figure 10 | The visualized heat map linked to data matrix.



Cluster 0: Screening for breast cancer patients in the pandemic

Cluster 1: Breast cancer surgery in the pandemic

Cluster 2: Recovery of breast cancer patients in the pandemic

Cluster 3: Emotion effect of the outbreak on breast cancer patients

Cluster 4: Diagnosis and treatment of breast cancer patients in the pandemic

Cluster 5: Clinical vaccination management for breast cancer patients during the pandemic




Discussion

The COVID-19 pandemic has caused major disruption to healthcare systems and professionals around the globe (28). Numerous experts provide recommendations to prepare for the effect of the COVID-19 pandemic on breast cancer patients and propose suggestions in terms of the method of triaging, prioritizing and organizing medical treatment, radiation, surgeries, and diagnoses (28–30).

The BCMP publications between 2020 and 2022 were investigated with the use of information visualization methods. A total of 421 BCMP-related articles were identified. Furthermore, 182 original articles were finally studied by de-duplicating verification, excluding reviews, conference articles, and letters.

The highest number of articles was from the United States of America. Although Italy has not published the most articles, it achieved the largest h-index. The reason may be that the pandemic situation in Italy was serious in the early stage of the pandemic, and more scholars have studied this field. University of Rome Tor Vergata published 30 papers, and Huazhong Universality of Science Technology published 20 articles. There is a certain amount of cooperation between the above nations or institutions. This analysis revealed that a considerable number of scholars and institutions have been concerned with BCMP over the past 3 years and explored corresponding solutions.

During the pandemic, doctors may be more concerned about breast cancer diagnosis, treatment, and quality of life. Since the pandemic can lead to quarantines and lockdowns, the above can cause delays in breast cancer-related diagnosis and treatment (31–33).

We analyzed the development direction of BCMP through the thematic map, which was derived from keywords plus, thus providing a more comprehensive view of trends in the field. The mainstream themes include chemotherapy, neoadjuvant therapy, endocrine therapy, radiotherapy, breast-conserving surgery, and follow-up, which are likely to be further developed in the future as it has a high level of development and relevance.


Cluster 0: Screening for breast cancer patients in the pandemic

Pandemic-associated deficits in the number of breast examinations have been declining with time. The interrupted time series investigation demonstrated smaller frequencies of breast biopsy, diagnostic mammography, as well as screening mammography after the outbreak (34). The need for a modern, flexible national health system for making up for new challenges generated by further emerging pandemics has increased due to the COVID-19 pandemic (32, 35).

Furthermore, there may be a viable approach (36) that divides breast cancer screening into four types, namely, non-COVID-19 patients, confirmed COVID-19 in asymptomatic screening patients, suspected COVID-19 with symptomatic or confirmed breast cancer, and confirmed COVID-19 with symptomatic or confirmed breast cancer. Through the above approach, none of the medical staff or paramedics involved in the screening were infected (36).



Cluster 1: Breast cancer surgery in the pandemic

Breast cancer surgery can be safely carried out and integrated with a stringent protocol for reducing COVID-19 exposure and transmission, despite the pressures associated with the COVID-19 pandemic (37). During the pandemic, scholars from Turkey considered administering neoadjuvant systemic therapy in patients with luminal A-like, HER2-positive, small-size triple-negative, and node-negative tumors until the conditions were improved by surgical treatment (38). A study from South Korea suggested that the prognosis of patients with delayed surgeries did not seem to change compared with patients who proceeded with their surgeries (39). Some doctors from China suggested that for early-stage breast cancer, especially stage I, surgical treatment should be performed within 30 days if conditions permit (40). To minimize the delay of treatment during the pandemic, Vanni et al. suggested that multi-disciplinary treatment (MDT) should triage patients and schedule surgical procedures to optimize the allocation of the limited resources to urgent cases (41). Nevertheless, some scholars suggested that complex reconstruction surgeries should be delayed in areas where the pandemic is not well controlled (28, 42, 43) due to the extended hospital stay for complex reconstructive surgery and the possible complications.



Cluster 2: Recovery of breast cancer patients in the pandemic

A paper suggested that the treatment of ACEIs (angiotensin-converting enzyme ACE inhibitors) in Luminal A breast cancer might facilitate tumor progression (44). Jiang et al. suggested that breast tumor tissues can be further reduced at ACE2 expression level (angiotensin-converting enzyme 2) after SARS-CoV-2 infection, which further deteriorates immune infiltration and worsens the prognosis of luminal B breast cancer after SARS-CoV-2 infection (45).

Moreover, Mella-Abarca suggested that telerehabilitation may take on a great significance in people with breast cancer during the pandemic (46). It comprises a phone call, an individual video call using a mobile device (computer or smartphone), or a group video call, which is dependent on the convenience and availability of the individual’s devices (e.g., implementation of the model, prevention of lymphedema, lymphedema, and pre-surgical evaluation for breast cancer) (46).

During the COVID-19 pandemic, Okechukwu et al. suggested that cancer patients should exercise at home on a tele-supervised home-based exercise oncology platform tailored by a physician and certified clinical exercise physiologist based on their preferences, contraindications, exercise tolerance, current clinical status, medical history, and cardiorespiratory fitness/functional capacity, instead of exercising within an indoor public fitness facility or outdoor spaces to curb the risk of COVID-19 infection and cardiovascular events (47).



Cluster 3: Emotion effect arising from the outbreak on breast cancer patients

During the pandemic, many breast cancer patients experienced many stressors related to more significant anxiety, depression, fear of cancer recurrence (FCR), and insomnia (48). Simultaneously, the quality of life of breast cancer patients was adversely affected (49). It is imperative to have conversations (phone or video) with breast cancer survivors about mental health and provide accessible services. Moreover, Papautsky et al. suggested that cancer patients should be trained with stress management strategies to acquire skills to manage their stress and prevent the adverse consequences of stress (50, 51).



Cluster 4: Diagnosis and treatment of breast cancer patients in the pandemic

Some physicians suggested classifying people at risk of breast cancer and trying to diagnose them as early as possible, while those at low risk should be observed and followed up at home (52). The use of chemotherapeutic agents with low side effects is recommended for patients with postoperative adjuvant chemotherapy (53, 54).

Endocrine treatments [tamoxifen, aromatase inhibitors, and luteinizing hormone-releasing hormone (LHRH) agonist] were continued during the COVID-19 pandemic since they do not affect the immune system (55). In terms of radiotherapy, Leonardi et al. reported that there was no significant difference in the time interval between treatments and radiotherapy for high-risk patients (56).



Cluster 5: Clinical vaccine management of breast cancer patients during the pandemic

Vaccination is an essential step in the fight against this devastating pandemic and is relatively safe for breast cancer patients. Can people using CDK 4/6 inhibitors be vaccinated, and what is the effect? The answer is that vaccination is available. Patients with breast cancer who underwent the treatment of CDK4/6 inhibitors developed SARS-CoV-2 NAbs in response to the first dose of COVID-19 vaccines, similar to the general population (57, 58). It is also worth noting that overdiagnosis should be avoided in breast cancer patients who develop lymphadenopathy (LAP) after vaccination. LAP related to COVID-19 vaccine tended to show increased cortical thickness without cortical irregularity, showing some suspicious features more often than others and persisting longer than anticipated (59). Accordingly, the recommendation for breast cancer patients about to undergo surgery is that the vaccination is given before or 1 week after surgery (60). The above findings from clinical studies suggest that vaccine-related adverse events are low and most of them have a short duration in cancer patients, that no serious adverse events directly related to the vaccine have been observed, and that the benefits of the vaccine may far outweigh the vaccine-related harms (61).



Limitations

Although bibliometric analysis and visualization methods were initially employed for the evaluation of the quality and quantity of research BCMP in this study, it also had some limitations. First, the bibliometric analysis only included a single database for search. Second, we only searched the titles, and there may be distribution articles missing. Third, burst keywords analysis cannot be performed due to the publication of the literature from 1 January 2020 to 1 April 2022. Despite the above limitations, our analysis can provide a reference for the research characteristics of BCMP.




Conclusion

Bibliometric techniques were employed for examining publications, research hotspots, and trends in breast cancer management during the pandemic. The findings of this study reveal that the United States of America, Italy, and China have made substantial contributions to the number of publications, institutions, magazines, and citations, which has facilitated the development of BCMP. The Buonomo-centered team, University of Rome Tor Vergata, and the Breast Cancer Research and Treatment journal were the most prolific in the field. Furthermore, hotspots and trends in research are screening, surgery, rehabilitation, emotion, diagnostic treatment, and vaccine management of breast cancer during the pandemic. As more insights are gained into COVID-19, breast cancer management is ever-changing and requires ongoing research and conclusion.
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Breast cancer has a marked recurrence and metastatic trait and is one of the most prevalent malignancies affecting women’s health worldwide. Tumor initiation and progression begin after the cell goes from a quiescent to an activated state and requires different mechanisms to act in concert to regulate t a specific set of spectral genes for expression. Cancer stem cells (CSCs) have been proven to initiate and drive tumorigenesis due to their capability of self-renew and differentiate. In addition, CSCs are believed to be capable of causing resistance to anti-tumor drugs, recurrence and metastasis. Therefore, exploring the origin, regulatory mechanisms and ultimate fate decision of CSCs in breast cancer outcomes has far-reaching clinical implications for the development of breast cancer stem cell (BCSC)-targeted therapeutic strategies. In this review, we will highlight the contribution of BCSCs to breast cancer and explore the internal and external factors that regulate the fate of BCSCs.
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Introduction

Breast cancer is the second major risk of cancer death in women (1). At present, surgical resection is the preferred treatment for breast cancer, including breast-conserving surgery (BCS) and mastectomy, and a series of comprehensive treatment measures such as chemotherapy, radiao-therapy, hormone therapy and other novel therapies are combined according to clinical-pathology. Despite increasingly accessible systems for early diagnosis and therapy of breast cancer, it remains the most prevalent of female malignancies in terms of mortality. Recurrence and metastasis are the main reason for the increase in mortality (2–4). Most breast cancer patients express receptors for estrogen (ER) and progesterone (PR) and therefore respond to hormone therapy or aromatase inhibitors. However, triple negative breast cancer (TNBC) lacks the expression of ER, PR and human epidermal growth factor receptor-2 (HER-2) (5). Breast cancer contains a heterogeneous cell population and is divided into for major molecular subtypes according to genetic expression, including luminal A, luminal B, HER2-enriched, and triple-negative (6, 7). Certain subtypes are prone to drug resistance, resulting in limited treatment efficacy, which poses a significant challenge to clinical cure and survival of breast cancer patients.

BCSCs are a class of cells with the ability to continuously self-renew, proliferate indefinitely and differentiate in multiple directions, and possess multiple drug-resistant molecules that are the main cause of drug resistance in breast cancer (8–10). There are two hypotheses on the origin of BCSCs: one is that BCSCs originate from adult stem cells and can acquire malignant behaviors by changing their genetic characteristics; the other is that BCSCs are transformed by early progenitor cells that have acquired the ability to self-renew (11, 12). The concept of BCSCs has been further developed to be involved in mediating tumor heterogeneity, with the ability to clonally regenerate tumors after seemingly successful treatment, and is of profound importance in understanding and treating hierarchically organized breast cancer (13). Therefore, further understanding of the fate decisions of BCSCs, identifying significant roles in tumor recurrence, metastasis and drug resistance, and developing therapeutic strategies to target BCSCs are of great clinical significance for the treatment of breast cancer. Hence, we outline the hierarchy of BCSCs in the origin of breast cancer and their role in tumor heterogeneity, recurrence, metastasis and drug resistance, in conjunction with a discussion of the potential of BCSCs as therapeutic targets to provide clinicians with new strategies to improve breast cancer treatment.



Unraveling the routes of mammary stem cell differentiation

A highly dynamic organ that produces and secretes milk to nourish offspring, the mammary gland undergoes multiple phases of remodeling throughout a female’s life and consists of two main parts: the parenchyma and surrounding stroma. The parenchyma contains mainly epithelial cells, glandular cells and myoepithelial cells: the epithelial cells are located in the inner layer of the milk ducts; the glandular cells form the alveoli, whose main function during lactation is to secrete milk; and the myoepithelial cells form the basement membrane, which usually surrounds or separates the epithelial cells from the glandular cells (14, 15). The proliferation and differentiation of the mammary gland is regulated by hormones and growth factors, for example estradiol, progesterone and prolactin. According to the characteristics of mammary gland development, it can be roughly divided into six developmental stages: embryonic stage, birth to early sexual maturity, sexual maturity, pregnancy, lactation and involution, as well as each estrous/menstrual cycle, both local and systemic stimuli can set off the mammary cell expansions and/or differentiation (16).

The mammary gland shows such obvious periodicity because a hierarchical array of mammary stem cells (MaSCs) and progenitor cells (PCs) are located in the organ, which maintain the homeostasis under physiological conditions (17). The differentiation of MaSCs is a two-step journey, consisting of cell lineage determination (from MaSCs to PCs of a specific lineage) and maturation (from PCs to particular cell types). These cells can yield all the mature cell types in the mammary gland, including ductal, alveolar and myoepithelial, and the primary outgrowths contain daughter cells that have the same regenerative capacity as the original stem cells (18). Thus, these cells have the dual hallmarks of stem cells, multidirectional differentiation and the ability to self-renew. Stem cell fate decisions, which begin after the cells differentiate from a quiescent to an activated state, require different mechanisms to coordinate and regulate the expression of a specific set of lineage genes. The presence of stem cells is necessary for the regeneration of the mammary gland and is important for studying the mechanisms of organogenesis and cell differentiation, but abnormal differentiation and proliferation of stem cells can lead to occurrence of tumors.



Stem cells as the cellular origin of breast cancer

Unmasking the origins of breast cancer to be still a challenging and creative topic in the field of oncology research. The cellular origin of cancer continues to be an important scientific question. Two major models have been developed to describe the cellular origin of cancer. In the somatic mutation model, the stepwise accumulation of a series of independent mutations in differentiated cells promote the capability to gradually reprogram and obtain malignant genotypes (19, 20), while the second hypothesis involves mutations in stem or progenitor cells (21). It is inevitable that these two models will co-exist. About 5-10% of breast cancers are inherited susceptibility due to germline mutations, such as BRCA1 and BRCA2 (22–24). Using single-cell assays, in BRCA1 mutation breast cancer, basal-like breast cancer (ER-) and luminal breast cancer (ERhigh) respectively derive from luminal progenitors and mature luminal cells respectively (25). These discoveries indicate that breast cancers may be initiated by mutations in differentiated cells. Interestingly, it is evident that cancer cells and stem cells share many characteristics, including high proliferative capacity, longevity, pliancy and the activity of molecular pathways that regulate stem cells (26). Corinne A Boulanger1 and Gilbert H Smith’s inventive research in breast cancer was the first to demonstrate that the mammary epithelial stem cells were indeed responsible for the evolution of carcinogenesis in mature mammary gland and formed tumor stem cell populations (27). Increased expression of stemness-associated genes, such as pseudokinase Tribble 3 (TRIB3) (28), NOTCH1 (29) and SOX9 (30), is positively correlated with the development of breast cancer. Patients with TNBC tend to have a comparatively worse outcome than other subtypes, due to their inherently invasive trait and the lack of molecular targets for treatment (31). TNBC is often, but not always, a basal-like subtype and expresses basal like markers (K5, K14, ITGA6, P-cadherin and Id4) with the character of stemness (32, 33). Definitely, high expression of stem cell-related gene traits in the BCSC subpopulation were a potential predictor of worse prognosis (34, 35). Interestingly, it is hypothesized that the apparent heterogeneity within breast cancer tumors reflects the different mammary epithelial cells as the cellular origin and drivers of malignant transformation (36, 37). A comparison between specific molecular features of normal breast epithelial subpopulations and different breast cancer subtypes revealed that the tumor subtypes appeared to have similar differentiation characteristics to normal breast cells. The basal-like subtype expresses intracavitary progenitor cell markers. This appears to correlate with the basal MaSC molecular subtype and therefore intuitively indicates that MaSC are a potential cellular source of basal-like breast cancer. Correspondingly, the HER2, luminal A, and luminal B subtypes express luminal lineage markers (18) (Figure 1). Collectively, these discoveries provide several insights into the origin of breast cancer cells: 1. Is oncogene-induced transdifferentiation of mammary gland cell sufficient to explain the plasticity and heterogeneity observed in breast cancer? 2. Does the continuous differentiation of normal stem cells to replenish the pool of progenitor cells during the maintenance of mammary gland homeostasis contribute to tumorigenesis?




Figure 1 | Schematic diagram of the potential relevance of breast epithelial cell hierarchy and breast cancer stem cell origin to breast cancer subtypes. MaSCs expose to mutations that cause abnormal differentiation and transformation into cancer stem cells. A comparison between specific molecular features of normal breast epithelial subpopulations and different breast cancer subtypes revealed that the tumor subtypes appeared to have similar differentiation characteristics to normal breast cells.





Stem cell hierarchies in breast cancer

During the last few decades, numerous studies have demonstrated that both tissue stem cells and CSCs can survive for long periods of time and have a great proliferative capacity, which means not only that they can accumulate many mutations, but also that they share the same capacity for reversibly entering a quiescent cell-cell state, multidirectional differentiation, an overlapping immunophenotype and gene regulatory networks (26). Through xenotransplant experiments, Al-Hajj together with colleagues presented directly the first investigated evidence for the presence of so-called BCSCs (CD44+CD24-/lowLineage-), which are located at the top of breast cancer with a hierarchical structure (38). Subsequently, Christophe Ginestier and colleagues raveled out that aldehyde dehydrogenase (ALDH) can act as a potential marker for BCSCs, these cells with the widest lineage differentiation potential and the greatest capacity for growth (39). Surprisingly, BCSCs (CD44+CD24-) are predominantly quiescent and localized at the front of the tumor invasion, whereas epithelial-like BCSCs expressing ALDH are more proliferative and more centrally located (40). High-throughput sequencing technologies developed in recent decades have enabled us to accumulate a wealth of relevant data on BCSC hierarchies and fate decisions. At the single-cell level, BCSCs showed high tumorigenesis and expressed stemness and EMT-related genes, in particular ZEB2, SOX2, ID1 and TWIST1 (41). Along with the ground, acquiring the properties of EMT allows the cells to be reprogrammed to a more stem-like state (42). Importantly, BCSCs, located at the top of the cancer hierarchy, are considered to be in line with their healthy MaSCs, and they can exacerbate breast cancer. More studies have confirmed that BCSCs expressing relevant cell surface markers have biological properties similar to MaSCs, including ALDH1+ (39), CK5+ (43), CD49f+ (44), ITGA6+ (45). These discoveries provide insightful evidence not only of the clinical relevance of BCSCs in breast cancer, but also indicate that breast cancer should be uniquely therapeutic according to their gene profile (Figure 2).




Figure 2 | Different subtypes of breast cancer and distinct state of BCSCs. Breast cancer contains a heterogeneous cell population and is divided into four major molecular subtypes according to genetic expression, including luminal A, luminal B, HER2-enriched, and triple-negative. The typical molecular expression in each subtype is shown in the figure. There are two major distinct phenotypes of BCSCs: CD44+CD24-/low and ALDH+. BCSCs (CD44+CD24-) are mesenchymal-like and predominantly quiescent and localized at the front of the tumor invasion, whereas epithelial-like BCSCs expressing ALDH are more proliferative and more centrally located.



Noticeably, not all cancers are considered to be stringently hierarchical in organization. It is generally believed that the CSC lies at the top of the hierarchy, whereas in reality the CSC hypothesis is more complex than a simple linear model. Several discoveries have shown that some non-CSCs can lead to dedifferentiation through genetic mutation, and exhibit plasticity by reversibly transitioning between a stem and non-stem state (46). Importantly, the hierarchical heterogeneity is beyond genetic mutations and covers non-genetic characteristics with regard to epigenetic programs, immune characteristics, inflammatory states and microenvironmental composition. Lineage plasticity is important for the development of aggressive BLBC, transcription factor SOX9 can regulate cell phenotypic plasticity and breast cancer progression (30). Similarly, EMT-mediated phenotypic plasticity has important clinical implications for breast cancer progression and drug resistance (47). Similar to normal breast cells, BCSCs are able to respond to external or internal stimuli, debugging their phenotype and behavior via EMT, reversible quiescence and senescence or metabolic plasticity to counteract the stress of treatment. All of these characteristics contribute to the resistance to treatment of CSCs. For example, BCSCs have built-in mechanisms to promote phospholipid metabolism and the generation of free fatty acids, which activate the relevant signals and maintain stemness, thus contributing to chemo-resistance as cisplatin, doxorubicin, or tamoxifen. In this case, phospholipase A2 inhibitors, such as Giripladib, are required in combination to effectively eliminate BCSCs and inhibit tumorigenesis (48). Alexander Swarbrick and his colleagues demonstrated that stromal cues form CAFs, including FGF5 and fibrillar collagen, are capable of inducing and maintain a stem-like phenotype in TNBC cells by providing a supportive niche (49). Corporately, these evidences suggest that BCSCs are not in a specific-widespread phenotype but stay at a certain plasticity. In conclusion, the model of tumor origin and evolution is not limited to a single hierarchical level, but also needs to take fully into account the polyclonal heterogeneity that characterizes the successive interactions between different cell populations. Certainly, they are not mutually exclusive and there may be transitions between BCSC and BCSC-like states, and the concept of BCSC populations needs to be treated more dialectically, that is, there may be multiple BCSC populations of different subtypes.



BCSCs as participant of breast cancer heterogeneity

Breast cancers show marked heterogeneity due to genomic, transcriptomic and microenvironmental differences, resulting in different phenotypes and variability in biological behavior (50). Due to inter-tumor heterogeneity, they can be classified into different types based on their morphology, molecular expression or genomic copy number patterns. There are currently two models that address the issue of heterogeneous origins: the clonal evolution model and the CSC model (37). These two hypotheses are not independent, but rather a coexisting, dynamic process that provides a theoretical basis for explaining inter-tumor heterogeneity and intrinsic differences in the regenerative capacity of breast cancer (51). The clonal evolutionary model assumes that any undifferentiated and differentiated cell is capable of accumulating mutations that lead to the creation of clonal populations of cells within a tumor, while individual tumor cells in a monoclonal clone share a degree of identical genetic variation, and different subpopulations of tumor cells have the ability to mutate individually during tumor evolution, thereby mediating the creation of tumor heterogeneity. The CSC model holds that a tumor actually consists of a cluster of stem cells, as well as cells that are unevenly differentiated, and can explain breast cancer tumorigenesis (52, 53). Typically, CSCs in tumors are genetically unstable, with multiple isoforms, and CSCs that survive adaptively in a clonal pool following altered microenvironmental niches and targeted therapeutic approaches, mediating the intar- and/or inter-tumor hierarchy and promoting malignant progression. In conclusion, further refinement and emphasis on the evolutionary and adaptive CSC dynamic concept is complementary to explain the possible causes of tumorigenesis, recurrence and metastasis. Therefore, eliminating the most diverse types of tumor cells, including BCSCs, is the most fundamental strategy for curing breast cancer.



BCSC identity markers

The development of BCSC-specific biomarkers for breast cancer has expanded the understanding of heterogeneity and has been further validated in both in vivo and in vitro breast cancer models. These breast cancer stem cells represent only a small fraction of the cells within the tumor and are extracted by flow cytometry technique capable of identifying certain patterns of surface markers (54, 55). A growing number of studies have revealed and characterized BCSC markers, and these markers have been shown to identify different stem cell populations well. As mentioned above, CD44+CD24- and ALDH+ are common molecular markers for BCSCs. Equally important, due to the highly heterogeneous character of breast cancer, in which more different phenotypes of BCSCs may exist, the discovery and identification of their biological functions could achieve a substantially more constructive reaction to anti-cancer therapy in the design of new drugs targeting BCSCs (Table 1).


Table 1 | Principal BCSC identity markers.





Regulatory mechanisms of BCSCs

The establishment of the BCSC theory provides the theoretical basis for explaining the hierarchy and heterogeneity of breast cancer. These fickle BCSC populations initiate and fuel tumor growth and are intimately associated with intrinsic treatment-resistant. BCSCs possess significant stemness and plasticity, and their fate decisions that extensive and complex regulatory mechanisms are required to coordinate and regulate the expression of specific lineages of genes, starting after the cell differentiates from a quiescent to an activated state. Here we focus on the contribution of transcriptional regulation, signaling pathway, epigenetic regulation, and post-transcriptional modifications that occur during this process.



Transcription factors

Transcription factors (TFs), also known as trans-acting factors, are functional protein molecules that specifically bind to DNA and regulate gene transcription. Most TFs bind to DNA before forming dimers or multimers through protein-protein interactions. In addition to TFs that bind DNA directly, there are regulatory proteins that do not bind DNA directly, but rather bind DNA indirectly through protein-protein interactions, regulating gene transcription and thus forming expression regulatory complexes. The gene expression that defines the phenotype is highly coordinated. As a result, regulatory programs meticulously curated by crucial TFs have been posited to have a central function in the determination of cell fate.

Evidently, intratumoral hypoxia is a common manifestation in advanced cancers. In hypoxic breast cancer cells, HIFs activate the transcription of target genes that play important roles in tumor progression, metabolic reprogramming, motility and chemoresistance (63). Numerous studies have shown that the response of BCSCs to hypoxia requires HIFs to regulate and maintain the direct or indirect transcriptional regulation of BCSC stemness-related factors including NANOG, SOX2, and KLF4 (64, 65). In addition, HIF-1α maintains the onset of hypoxia-induced EMT and regulates the plasticity of BCSC (66, 67). Recently, researches showed that HIF-dependent ALKBH5 and S100A10 expression mediates the enrichment of BCSCs in the hypoxic tumor microenvironment (68, 69). Similarly, HIF-1 can directly activate calreticulin (CALR) transcription and facilitate breast cancer progression by promoting the BCSC phenotype in hypoxic (70). Collectively, these discoveries exhibit that hypoxia increases the percentage of BCSCs and governs their phenotypic transformation in a HIF-dependent manner.

Metastasis is the cause of up to 90% of cancer-related deaths, yet it continues to be the least known integral part of cancer pathogenesis. The most common sites of metastasis from breast cancer are bone, lung, brain and liver. Truncated glioma-associated oncogene homolog 1 (TGLI1) was found to transcriptionally activate the expression of CD44 and OCT4, contributing to BCSC renewal and thus promoting brain metastasis (71). Mechanistically, malignant progression in breast cancer is accompanied by an increase in the proportion of these BCSCs within the tumor and activation of the EMT (72, 73). EMT is a complex transdifferentiation program characterized by the loss of epithelial-specific features accompanied by the acquisition of mesenchymal phenotypes that fuels non-transformed cells and tumor cells to acquire stemness (74, 75). The loss of epithelial-specific features means that the tumor is more aggressive and has a poorer prognosis. Intrinsically, EMT-associated TFs (EMT-TFs) were crucial regulatory mechanism for tumor progression and metastasis including, Snail 2, Twist 1, Slug, SOX2/9 and Zeb1/2.



Non-coding RNAs

In contrast to well-known molecular signaling pathways, the involvement of non-coding RNAs (ncRNAs) in CSC lineage commitment has only just been discovered. Based on their biological functions, ncRNAs are divided into two major categories: housekeeping ncRNAs and regulatory ncRNAs. Regulatory ncRNAs can be divided into short chain ncRNAs and long chain ncRNAs according to the sequence length. ncRNAs with short chains include microRNA (miRNA), small interfering RNA (siRNA), piRNA and transcription initiation RNA (tiRNA) have the characteristics of small molecule and high sequence conservation. Whole-genome sequencing revealed that ncRNAs comprise 98% of the human gene transcriptome and consist mainly of miRNAs and LncRNAs that do not have protein-coding functions (76). A variety of miRNAs and LncRNAs are responsible for the modulation of BCSCs.



microRNAs

miRNAs are commonly expressed in organisms that are approximately 18-25 nucleotides in length and can complement the 3’-UTR of mRNA, leading to the degradation and/or translational repression of target genes (77). miRNAs act as regulators in stem cell proliferation, differentiation, apoptosis, and metabolism (78, 79). In this way, miRNAs act as a switch of gene networks, either as an oncogene or as a tumor suppressor gene, and these miRNAs have quickly become an important class of regulatory genes controlling developmental and disease processes. In contrast to transcription factors and molecular signaling pathways, miRNAs involved in stem cell lineage determination have only just started to be studied. An increasing number of miRNAs have been found to be implicated in BCSCs to regulate fate decisions.

Interestingly, miRNAs with micro size but macro function are known to have profound effects on maintaining and regulating the behavior of BCSCs by specifically targeting relevant TFs and oncogenic signaling pathways and play an important role in breast cancer initiation and prognosis. miRNAs serve as oncogenes as well as tumor suppressors. Based on the current findings, we will focus on describing the regulatory role and underlying mechanisms of miRNAs management of BSCS self-renewal, differentiation, metastasis, EMT, drug resistance and recurrence as potential links to breast cancer pathogenesis. Analysis of 11 surgically resected breast cancer patient samples revealed differentially expressed miRNAs in human BCSCs versus nontumorigenic cells (NTG cells) (80). Three clusters of miRNAs, including miRNA-200c-141, miR-200b-200a-429 and miR-183-96-182 cluster, were consistently downregulated in human BCSCs (80). The miR‐200 family maintains the stemness of BCSCs and is able to target the EMT-associated transcription factor ZEB1, thereby up-regulating E-cadherin, the expression of which is reduced and its inhibitory effect on EMT is diminished (80–83). Furthermore, other miRNAs, including let-7, miR-27b and miR-185-3p, were differentially expressed in BCSCs and NTG cells (84–86). It was recently shown that in BCSCs E2F1 binds to the Nanog gene to promote its transcription and that miR-185-3p can target E2F1 leading to a reduction in its expression, thereby inhibiting the stemness of BCSCs (86). Similarly, miR-378a-3p and miR-378d can activate the WNT and NOTCH pathways through targeted inhibition of DKK3 and NUMB, leading to doxorubicin (DOX) and paclitaxel (PTX) resistance (87). Taken together, these discoveries show that miRNAs are instrumental in determining the fate of BCSCs by targeting key coding TFs and related signaling pathways.



Long noncoding RNAs

LncRNAs are ncRNAs with transcripts longer than 200 nucleotides and little or no protein-coding function. They regulate gene expression and are involved in biological processes such as apoptosis, metastasis, stemness maintenance, proliferation, differentiation, metabolism and drug resistance. LncRNAs can repress or activate gene expression through a variety of mechanisms and exhibit specific expression patterns in different cell and tissue types, respond to different stimuli, and regulate cell fate (88). In the last decade, researchers have shown great interest in the role of LncRNAs in CSC lineage Commitment and differentiation.

LncRNAs influence cell growth, apoptosis and tumor metastasis by participating in epigenetic, transcriptional or post-transcriptional gene regulation. Brown and colleagues summarized the LncRNAs in BCSCs and revealed that a series of BCSC-associated LncRNAs were enriched in TNBC (89). Notably, LncRNAs show differential expression in BCSCs versus non-BCSCs. LncRNA lnc030, which is highly expressed in BCSCs, is able to stabilize squalene epoxidase (SQLE) mRNA cooperating with poly(rC) binding protein 2 (PCBP2) and promote cholesterol synthesis, thereby activating PI3K/Akt to amplify the stemness properties of BCSCs (90). Likewise, high expression of LncRNA-ROPM can increase the stability of PLA2G16 mRNA, thereby promoting phospholipid metabolism and activating PI3K/AKT signaling (48). In addition, other LncRNAs that are upregulated in BCSCs, such as LncRNA-ROR, LncRNA-HOTAIR, LncRNA-HAL, LncRNA-Hh (91) and LncRNA-PVT1 (92), are able to induce EMT, consequently increasing the percentage of BCSC population and stemness. As LncRNAs research progresses, more and more LncRNAs will be demonstrated in the regulation of BCSCs. LncRNAs is a novel regulator of BCSCs by regulating mRNAs, miRNAs and other LncRNAs and will improve the understanding of new molecular regulation of BCSCs.



Tumor microenvironment

The tumor microenvironment (TME) plays a pivotal function in several steps of tumorigenesis and progression, including drug resistance, immune escape and distant metastasis. The microenvironment regulates the biological behavior of BCSCs through direct contact or ECM and paracrine factors (93). The microenvironment provides fuel and a proper niche for BCSCs, highly regulates their fate, protects them from genotoxicity and improves their tolerance to treatment. Reciprocally, BCSCs are able to influence the TME while adapting to changes in the TME. The TME mainly consists of surrounding normal tissue cells, tumor stroma and microvessels. For example, tumor cells can release immune inhibitory cytokines to evade detection by immune cells in TEM, resulting in immune escape (94). Concurrently, the TME provides the driving force for BCSC plasticity, inducing angiogenesis and recruitment of immune and stromal cells, which in turn accelerates tumor invasion and metastasis.

Stromal cells, such as cancer-associated fibroblasts (CAFs), are verified that affect BCSC activity through the cell-cell interactions, the secretion growth factors, cytokines, chemokines, and the remodeling of the ECM (95). These secreted factors are involved in a variety of regulatory roles for cells in TME and tumor cells. In particular, CAFs, a major component of the stroma, have been shown to support CSC function by secreting cytokines such as IL-6, IL-8 and IL-1β, activating signaling pathways, and promoting BCSC stemness and plasticity (96). The origin of CAFs is now thought to be multiple, including transference of resident fibroblasts (97), transdifferentiation of perivascular cells (97), differentiation of mesenchymal stem cells (MSCs) and EMT. CAFs haven been found to be able to secrete periostin, which in turn recruits Wnt ligands, activates intracellular Wnt signaling in BCSCs, remodels the ECM, establishes a nascent stromal niche and creates the conditions for metastatic colonization of BCSCs (98). Similarly, CAFs also secrete FGF5, which promotes fibronectin collagen formation and remodels the ECM, resulting in the induction of a reversible BCSC phenotype preferentially at the tumor-stromal interface (49).

In addition, CAFs are involved in regulating the biological behavior of BCSCs through their association with other signaling pathways. Activation of WNT/β-catenin and HGF/Met signaling in the mammary gland tumors accelerates the secretion of the Hedgehog ligand SHH in BCSCs, which regulates CAFs via a paracrine pathway, and in turn CAFs further secrete factors (99). Accordingly, the Hedgehog inhibitor vismodegib was able to reduce the activity of fibroblasts and breast cancer-forming cells, mechanistically indicating that Hedgehog signaling to CAFs is a potential mediator of CSC plasticity and an intriguing new therapeutic target in breast cancer (49). MSCs and CAFs express high levels of PEAK1 protein in a PEAK1-dependent manner, which activates p-AKT, enhancing tumorigenesis (100). In addition, when MSCs were co-cultured with breast cancer cells, they were able to induce aberrant expression of microRNAs, such as mir-199a upregulation, providing breast cancer cells with enhanced BCSC properties (101). Collectively, these findings identify a potential mechanism of crosstalk between stromal cells and BCSCs and aberrant signaling pathway perturbations, and therefore the development of targeted inhibitors may offer a novel therapy strategy for the management of breast cancer.

Macrophages are a group of plastic and heterogeneous cells that are involved in the innate immune response as another major component of the TME and are capable of regulating the formation and maintenance of BCSCs through the modulating the M1/M2 phenotype. It has been shown that tumor-associated macrophages (TAMs) can activate Src and NF-κB via EphA4, which in turn induce the secretion of a variety of cytokines such as IL-6, IL-8 and GM-CSF, thereby establishing a BCSC niche (102). Consistently, in breast cancer, the reduction of macrophages reduced the number of BCSC population (103). In addition, TME-derived endothelial cells provided Jag1 to neighboring BCSCs, increasing the upregulation of zeb1, which in turn increased VEGFA production by ectopic zeb1, inducing endothelial cells to express jag1 in a paracrine manner (29). Similarly, the cell-cell interaction of BCSCs with CD8+ T lymphocytes in TME can establish immune tolerance, mainly due to the ability of BCSCs highly expressing PD-L1 to bind to the PD-1 receptor on the surface of T cells, which in turn exerts an inhibitory effect and leads to T cell exhaustion (104). In addition, ECM, a major component of TME, is a niche that determines the behavior of BCSCs, such as hydroxylated collagen, hyaluronic acid, integrates the intra-/extra- cellular environment signals and activates multiple signaling pathways leading to BCSC metastatic growth (105, 106).

In a nutshell, the TME provides a niche for BCSCs and governs their biological behavior. Importantly, the TME varies markedly between patients, so an exhaustive understanding of the interactivity of the components of the TME on tumor progression is paramount. It has been revealed that TME is potentially of a complex character (107). In parallel, the heterogeneity of TME has been shown to be a potential prognostic factor in identifying different subtypes of breast cancer (108). Building on this, further refinement of breast cancer types and understanding of the specificity of BCSCs offers the potential to accurately predict tumor prognosis and develop new personalized treatment strategies (Figure 3).




Figure 3 | Schematic representation of interactions between TME and BCSCs. The microenvironment regulates the biological behavior of BCSCs through direct contact or ECM and paracrine factors. CAFs secrete cytokines such as IL-6, IL-8 and IL-1β to promote BCSC stemness and plasticity. MSCs secrete VEGF to feed BCSCs, leading to abnormal vessel growth. Macrophages likewise secrete various cytokines that establish the BCSC niche and lead to immune tolerance. ECM offers protection to BCSCs from treatment pressure and safeguards their metastatic growth.





Signaling pathways

BCSCs are usually quiescent and are able to transforming their phenotype through EMT, metabolic plasticity, and microenvironment, resulting in limited specific markers. Therefore, more researches have focused on defining the mechanisms of relevant signaling pathways regulating the tumor initiating ability of CSCs. Exhilaratingly, insightful investigations have verified that many key signaling pathways are implicated in modulating the lineage commitment and biological processes of BCSCs.


Wnt

The Wnt family consists of a large number of secreted glycoproteins with both paracrine and autocrine functions (109). Wnt is participating in many important biological processes (109–111). Wnt ligands bind to the seven transmembrane structural domains of the frizzled receptor, FZD) and LRP5/6 co-receptors and stabilizes β-catenin by preventing its phosphorylation (112). The Wnt pathway plays a key role in BCSC fate.

Abnormal WNT/β-catenin signals are more prevalent in breast cancer, and clinical evidence indicates that increased WNT/β-catenin signals are correlated with higher tumor grade and poorer prognosis (98, 113). In BCSCs, WNT/β-catenin is relevant to stemness, plasticity and microsphere formation (114). Canonical and noncanonical Wnt signaling pathways by promoting the expression CD44 and ALDH1, which in turn increase the stemness of BCSCs. Canonical Wnt signaling through β-catenin stabilization and subsequent nuclear translocation leads to transcriptional activation of β-catenin-TCF/LEF target genes. Inhibition of β-catenin reduces BCSC population, tumor size and resistance to doxorubicin (Dox) in TNBC cells (115). Non-canonical WNT/Ca2+ signaling regulates the biological behavior of BCSCs through the activation of RTKs such as ROR1/2 and PI3K/AKT. Just as, Wnt plays an important role in BCSC, so targeting the canonical and/or noncanonical Wnt signaling pathway may be an effective marker for eliminating BCSCs. Recent studies showed that DKK1 inhibited lung metastasis by inhibiting PTGS2-induced macrophage and neutrophil recruitment and thereby antagonizing non-classical WNT/PCP-RAC1-JNK signaling. Conversely, DKK1 promotes bone metastasis by regulating canonical Wnt signaling of osteoblasts (114). These results reveal that amplified Wnt signaling is instrumental in the self-renewal, apoptosis inhibition and metastasis of BCSCs, and therefore inhibition of wnt is essential for the elimination of BCSCs (Table 2). A growing number of preclinical researches are treating breast cancer by targeting inhibition of Wnt signaling in BCSCs including OMP-18R5 (Vantictumab) (123), NSC668036 (124) and Pyrvinium pamoate (PP) (122).


Table 2 | Antagonist of WNT signaling and their effects on BCSCs.





Notch

The Notch signaling pathway enables ligand-receptor interactions through direct cell-to-cell contact. In mammals, the Notch signaling pathway involves the Notch receptor (Notch1-4) and Notch ligand, which is divided into two classes (Jagged1-2 and Delta-like 1,3,4) that differ due to the presence of a cysteine-rich structural domain in the Jagged ligand (125). Notch receptors are activated by ligands on their neighboring cells, which trigger signals regulating various cellular differentiation processes.

Notch signaling plays a variety of roles in cancer, including oncogenesis, carcinogenesis or both. Concurrently, notch pathway is associated with many aspects of cancer biology, including metabolism, metastasis, drug resistance and the maintenance of CSCs. Multiple discoveries have confirmed that Notch signaling is associated with CSC activity in various forms of breast cancer. A meta-analysis of tumor molecular landscapes and several pathological studies have shown that Notch1 activity is associated with the risk of recurrence in ER+ breast cancer (126). Endocrine resistant BCSCs, most of which are Notch4-dependent, are a major factor in tumor recurrence and death (127). Interestingly, unlike Notch4, which is predominantly located in the basal cell population, Notch1 is predominantly expressed in the luminal cells of normal breast epithelium, indirectly suggesting that both may play this specific role in different subpopulations of BCSCs (127, 128). In patients with trastuzumab-resistant and HER2+ breast cancer, Notch1 expression was associated with poorer prognosis (129). Under the circumstances, abrogation of Notch1 expression resulted in a significant reduction of cancer proliferation in vivo (130). In particular, Notch3 was capable to act as a mediator of PD-L1 overexpression in BCSCs, activating mTOR and maintaining the self-renewal and invasive capacity of BCSCs (131). What’s more, it has been reported that Notch3 does effectively downregulate Notch1 signaling by repressing the expression of the downstream genes Hes1 and Hes5 (132). Interestingly, In ER- human breast cancer samples, survival advantage of Notch2High over Notch2Low patients in primary and bone metastatic breast cancer (133). Taken together, these observations suggest a common theme: deciphering the variation in the expression of Notch family members in different breast cancer types is necessary to develop effective treatments for the eradication of BCSCs.



Eph

Eph receptors are the largest family of RTKs in mammals and are activated by membrane-linked Ephrin ligands (134–136). The Eph receptor and its Ephrin ligand have been implicated as cell-cell communication complexes that influence the behavior of epithelial cells (137). The function of the Eph/Ephrin in the initiation of breast cancer has been analyzed in detail. In the Eph/ephrin system, chromosomal abnormalities, gene methylation, and alterations in transcription regulators induce dysregulation of the Eph/ephrin expression and tumorigenesis (136). It was demonstrated that EPHB6, an intrinsically catalytically inactive member of the Eph group, partially inhibits EMT, synergistically activates RAS-ERK signaling and promotes the expression of OCT4 in BCSCs, thus exhibiting higher stemness (138). PF-06647263 was a humanized monoclonal antibody that selected Ephrin-A4 as a pharmacological target to inhibit the activity of Ephrin-A4, which was highly expressed in BCSCs, in order to alleviate the clinical symptoms of TNBC (139). Importantly, understanding the complexity of the Eph/Ephrin system will help to elucidate the mechanisms of breast cancer.



Hedgehogs

Hedgehogs signaling includes SHH, IHH and DHH. The precursors can be cleaved to produce an active 19kd N-terminal fragment which binds to the membrane protein Patched gene (Ptc) and Smoothened gene (Smo). As Hedgehog genes are linked, Smo is released, leading to the activation of transcription factors (Gli1-3). In BCSCs, tetraspanin-8 (TSPAN8) was significantly upregulated, recruiting the deubiquitinating enzyme ATXN3 to inhibit the degradation of the SHH/PTCH1 complex, leading to SMO translocation to cilia, causing resistance to chemotherapeutic agents in CSCs and enhancing tumorigenesis in mice (140). Dehydrocholesterol reductase (DHCR24), a key enzyme in cholesterol synthesis, could promote breast cancer development by enhancing the Hedgehog and BCSC populations (141). While, Neuropilin-2 (NRP2) had the ability to activate Gli-1 and α6β1 integrins to induce BCSC initiation (142). Further in depth, Gli-1 and α6β1 integrins mediated the self-renewal and progression of BCSC by promoting angiogenesis and triggering focal adhesion kinase (FAK) signaling, respectively (143, 144). Consequently, targeting the SHH, α6β1, TSPAN8, and FAK can represent an attractive strategy for breast cancer treatment. Curcumin, a polyphenolic compound from the rhizome of Curcuma longa, has been reported to inhibit the proliferation and metastasis of TNBC cells, EMT and BCSC characteristics via the Hedgehog/Gli1 pathway (145). Similarly, genistein reduced the population of BCSCs by inhibiting Hedgehog (146). In summary, the search for integrated interventions in Hedgehog signaling and targeted inhibition of BCSC biological behavior could provide a new direction for breast cancer treatment.



PI3K/AKT

PI3K is an intracellular phosphatidylinositol kinase (147). AKT is composed of three main isoforms (AKT1-3), which are key effectors of PI3K and can be directly activated by PI3K (148). PI3K/AKT is involved in regulating BCSC self-renewal, EMT and invasion (149, 150). PI3K/AKT also induced the of activation WNT signaling, which in turn increased the stemness and metastasis of BCSCs. HER2 dysregulation leads to aberrant activation of (PI3K)-Akt and/or WNT signaling and enhanced activity of the BCSC population, resulting in trastuzumab treatment resistance (151). Reciprocally, the role of the HER2 signaling in BCSCs can be enhanced by the PI3K/Akt pathway (152). Therefore, an open-label phase II study demonstrated that trastuzumab and lapatinib, which targeted HER2, inhibited the expression of FOXO, STAT5 and PI3K/AKT and suppress BCSC subpopulations (153).

Mammalian target of rapamycin (mTOR) is a serine/threonine kinase consisting mainly of two distinct protein complexes, mTORC1 and mTORC2, which are key target genes downstream of AKT (154). Activation of PI3K promotes activation of mTORC1 and mTORC2, while the mTOR activity is frequently upregulated in human cancers (155). What’s more, the mTOR pathway is generally considered to be over-activated in CSCs. The inhibitory effect of some mTOR inhibitors on CSCs has been demonstrated (156). Rapamycin, everolimus and PF-04691502 inhibit tamoxifen-induced activation of BCSCs (157). Inhibition of mTOR restores AKT/mTOR-induced resistance to radiotherapy in BCSCs (158). Although mTOR has a role in suppressing BCSCs, a study showed that treatment of TNBC cells with mTOR inhibitors upregulated FGF1-FGFR-Notch1 signaling, leading to an increase in BCSC population (159). In this case, combined blockade of FGFR or Notch1 may prevent resistance to mTORC1/2 inhibitors by eliminating BCSCs (160). Mechanistically, adaptation or resistance to mTOR inhibition in BCSCs is manifested mainly by transcriptional reprogramming of the EVI1 and SOX9 to upregulate REHB and RAPTOR and metastasis-associated mediators (FSCN1 and SPARC) (161). Corporately, a link between PI3K-Akt-mTOR and BCSCs is evident.




Intertwining of signaling pathways in BCSCs

As described previously, these intricate signal transduction pathways are not linear. The crosstalk among multiple pathways is also common in breast cancer, for instance, a discovery has revealed that Syndecan-1 promoted the activation of IL-6/STAT3 and EGFR via Notch to regulate inflammation and phenotype of BCSCs (162). The Hippo transducer TAZ confers BCSC-related features, including self-renew and tumor-initiation capacities, through MET (42). FAK can regulate YAP/TAZ activation (163). Aberrant regulation of signaling pathways, such as ERα, Notch and Hedgehog, can lead to abnormal activation of Hippo, resulting in BCSC fate perturbations (164–166). The cumulative effect of aberrant regulation of these pathways in breast cancer maintains and enhances the characteristics of BCSCs, ultimately culminating in malignant tumor progression. Consequently, a thorough insight into the perturbations of different pathways in individual patients is necessary to optimize personalized therapeutic strategies. Importantly, fully assessing the characteristics and subpopulation distribution of BCSCs and developing novel vehicles to eliminate them (Figure 4).




Figure 4 | Schematic representation of different strategies used to target BCSCs. Specific pathways have been implicated in the fate of BCSCs. A select set of inhibitors have been developed to inhibit specific pathways.





Therapeutic strategies to target BCSCs: an adventurous voyage

From a clinical perspective, deciphering the relevance of BCSCs in therapy resistance, including chemotherapy, radiotherapy, immunotherapy and endocrinotherapy, is one of the major challenges in the clinical translation of anti-CSC therapies. Actually, CSCs are involved in tumor recurrence, metastasis and drug resistance, therefore targeting CSCs may be helpful and complementary to the treatment of breast cancer, combating concerns about safety and treatment failure. Excitingly, researchers have recently explored targeted therapeutic strategies for BCSC quiescence, maintenance pathways and specific markers.

The availability of BCSC-specific markers has facilitated researchers to effectively identify them, and commonly markers used to isolate BCSC include CD44+CD24-, CD133 and ALDH1. The high expression of these phenotypically and functionally significant markers in BCSCs compared to normal tissue could allow novel drugs to identify and block relevant BCSC signaling pathways, making them more susceptible to elimination by therapeutic strategies. CD44 is a cell surface receptor that binds to its ligand hyaluronic acid (HA) and that activates a variety of intracellular signals, and the interaction between them is used as a drug target. A study has demonstrated that lapatinib nanocrystals coated with HA have better therapeutic efficacy than uncoated HA in TNBC (167). Comparably, CD133, a membrane glycoprotein, has a demonstrated association with tumor resistance and recurrence. Polymeric nanoparticles loaded with paclitaxel targeting CD133 can markedly reinforce CD133+ cell internalization while significantly suppressing tumor regrowth in a xenograft model (168). Going further, conjugation anti-CD133 mAbs with saporin causes CD133+ BCSC proliferation arrest followed by cell death (169). However, unlike the traditional membrane proteins, ALDH1 is an enzyme with an activity that is intimately associated with the ability of BCSCs to self-renewal. Therefore, targeting ALDH1 is an effective therapeutic agent to eliminate BCSCs.

In fact, the surface phenotype of BCSCs is constantly in flux during cancer progression, differentiating or evolving into different cancer cells and thus obtaining distinct phenotypic recurrences. As a consequence, this will be the most prominent challenge in the design of targeted BCSC therapeutic interventions. Mechanistically, BCSCs undergo cell fate shifts in response to therapeutic pressure or metastasis, leading to malignant progression, which is mainly driven by their inherent genomic and epigenetic instability. Consequently, the strategy applied in clinical trials should take adequate consideration of the comprehensive range of elements leading to selective cell fate decisions, including the tumor microenvironment, intratumor heterogeneous cells and signaling cascades. The TME supports the self-renewal and differentiation of BCSCs, providing a niche to regulate their cell fate in the form of secreted factors and intercellular communication. The xenograft NOD/SCID mice model demonstrated that by affecting the expression of IL-6 in the local microenvironment of BCSCs, it was possible to regain ER expression and subsequently CD133hi cells were able to respond to hormone therapy (170). Inevitably, the damage to a single local microenvironment established through these animal models alone cannot fully replicate the reality of human breast cancer progression, but these adventurous research methods provide an important theoretical and temporal basis for extending preclinical studies. With technological advances, methods such as primary cell culture, organoid culture and microfluidic 3D biomimetic model allow for an improved mimicking of the normal tissue microenvironment, thus providing a new voyage to target the variable traits of BCSCs (171, 172).

Of vital note, signaling pathways are one of the key factors regulating the maintenance and evolution of BCSCs, and therefore targeting these key signals has proven to be an invaluable vehicle for the elimination of BCSCs. The major signaling pathways include Wnt, Notch, Eph, Hedgehogs and PI3K/AKT, which often interact with together in breast cancer stem cells during the development of breast cancer. Equally excitingly, with intensive research into cellular immunity, an additional option for oncology treatments has been developed with novel anti-BCSC immunotherapies such as immunologic checkpoint blocking or CAR-T cell therapies. PD-L1 is detected in 20% of TNBC (173). Deletion of RBMS1 expression by specific shRNA activates PD-L1 immune checkpoint receptor blockade to promote anti-tumor immunity in TNBC (174). In a phase I clinical study of 54 TNBC patients, Atezolizumab showed an objective response rate of 19% as an inhibitor of PD-L1 (175). For CAR-T cell therapy, TEM8 (176) and NKG2D (177) have been used for BCSC-targeted immunotherapy. Collaboratively, these discoveries shed new perspective on the preparation of clinically feasible therapeutic strategies for targeting BCSCs (Table 3).


Table 3 | Targeting BCSCs with different agents in clinical trials.





Conclusion and prospect

To date, we recognize that BCSCs are a small population of cancer cells with self-renewal and differentiation potential that are involved in mediating tumor heterogeneity, recurrence, metastasis and treatment resistance. There is current research indicating that BCSCs are an attractive target for tackling resistance and recurrence in the clinical therapy of breast cancer. Fortunately, BCSCs have the expression of their own specific markers that can provide post-therapeutic local biopsies with timely information on treatable targets for the remaining tumor tissue on the basis of variable biomarkers, thus allowing the selection of targets for the use of personalized and precise second-line therapy (178, 179). Especially, it is the introduction of the breast cancer stem cell concept, which focuses on biomarkers of BCSCs in the post-treatment period, that offers a new alternative to combating tumor recurrence. However, further attention needs to be given to the fact that normal stem cells in the tissue may also express the overlapping biomarkers and signaling pathways as BCSCs. This therefore requires that the possible side effects of targeting BCSCs for the treatment of breast cancer be fully considered, which in turn requires the rigorous elaboration of identity markers and signaling patterns that are specific or even unique to the targeted BCSCs. Meanwhile, BCSCs tend to have quiescent properties during response therapy, so therapeutic strategies to inhibit tumor progression do not fully prove to be due to the efficacy of targeted inhibition of BCSCs. In addition, BCSCs exist in a specific niche surrounded by heterogeneous cells such as TAMs, MSCs and CAFs that maintain their long-term survival. However, most current researches deficient a microenvironment have used isolated BCSCs and the relationship between BCSCs and their niches is currently ambiguous. Finally, it is undeniable that the immunodeficient animal models lacking adaptive immunity used in the current studies on BCSCs are not capable of recapitulating the biological complexity of tumors in the clinic (180). Collectively, there are still many obstacles to cross in achieving efficient and safe elimination of BCSCs.

In conclusion, the discovery of BCSCs has well revealed that individual cancer cells from the same tumor exhibit essential heterogeneity in terms of mutations, transcriptional programs, immune characteristics and functional properties. Indeed, BCSCs exist in a dynamic state, with multiple pools in individual tumors, so combining multiple treatment strategies to eradicate the pools of therapy-resistant BCSCs on the top of the heterogeneity is clinically important for preventing cancer recurrence. Deeply, cellular plasticity that mediates stemness, fueling cancer heterogeneity and responding to therapeutic pressure, further leading to the limitations of anti-CSC therapeutic strategies. Importantly, the BCSC concept not only has broad and profound implications for our understanding of cancer origins and progression, but also has significant clinical value for the design of more effective and personalized treatment options in the future. Therefore, a combination of conventional cytotoxic drugs, immunotherapy agents, endocrine therapy and eradication of BCSC therapy is a future direction of great significance for improving the clinical prognosis of breast cancer.
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Breast cancer is the most common female malignancy, but the mechanisms regulating gene expression leading to its development are complex. In recent years, as epigenetic research has intensified, RNA-binding proteins (RBPs) have been identified as a class of posttranscriptional regulators that can participate in regulating gene expression through the regulation of RNA stabilization and degradation, intracellular localization, alternative splicing and alternative polyadenylation, and translational control. RBPs play an important role in the development of normal mammary glands and breast cancer. Functional inactivation or abnormal expression of RBPs may be closely associated with breast cancer development. In this review, we focus on the function and regulatory mechanisms of RBPs in breast cancer, as well as the advantages and challenges of RBPs as potential diagnostic and therapeutic targets in breast cancer, and discuss the potential of RBPs in clinical treatment.
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Introduction

Breast cancer is a highly prevalent malignancy worldwide and is the most common cause of cancer death in women in particular (1).In recent years, the incidence of breast cancer has increased at a rate of 0.5% per year. The reason for this increase is the continued decline in fertility and weight gain, so the global incidence of female breast cancer is predicted to be as high as 3.2 million cases per year by the year 2050 (2, 3). In terms of historical classification, to a large extent, breast carcinogenesis is based on the oncogenic activity of estrogen receptor α (ERα) as well as other hormone receptors, progesterone receptor (PR) and human epidermal growth factor receptor 2(HER2/ERBB2). Based on the expression of these proteins, breast cancers are classically classified into five subtypes: luminal A (ER+, PR+, HER2-), luminal B (ER+, PR-, HER2+), HER2-positive (ER-, PR-, HER2+), basal-like and triple-negative breast cancers (ER-, PR- and HER2-), while the last two subtypes are similar but distinct from invasive breast cancer (4).Currently, the treatment strategies for breast cancer are determined mainly based on tumor size, morphology, metastasis and expression of ER, PR, Ki67 and HER2, including surgery, radiotherapy, endocrine therapy and chemotherapy, which have led to a great delay in tumor progression and further improvement in patient survival (5).However, these therapeutic strategies have not been clinically effective, so there is an urgent need to explore additional molecular regulatory mechanisms of breast cancer to develop new diagnostic and therapeutic targets.

RNA-binding proteins (RBPs) bind to various types of RNAs through RNA-binding domains (RBDs), resulting in stable secondary and tertiary structures of RNA. The K-homology structural domain (KH), RNA recognition motif (RRM), zinc finger structural domain (ZNF), PUM structural domain (PUM), and double-stranded RNA binding structural domain (DSRBD) are the classical RBDs (6, 7). Specifically, RBPs can recognize and interact with RNA recognition motifs (RRMs) and/or binding motifs of RNA structures to form ribonucleoprotein (RNP) complexes to regulate RNAs through, for example, microRNA (MiRNA) processing, RNA stability, alternative premRNA splicing, mRNA decay, translocation, posttranslational nucleotide modifications, and RNA localization (Figure 1) (8, 9).Therefore, RBPs play a key role in the regulation of gene expression at the posttranscriptional level. Dysregulated gene expression of some RBPs may lead to the development of various diseases, including cancer (10).With the in-depth study of gene regulation in breast cancer, it has been found that some RBPs in breast cancer are functionally inactivated or have altered expression. Therefore, it is urgent to explore the function and mechanism of RBPs in breast cancer development.




Figure 1 | Major regulatory mechanisms of RBPs in breast cancer. including (A) miRNA processing; (B) selective splicing; (C) RNA stabilization and RNA degradation; (D) selective polyadenylation; (E) subcellular localization; (F) translation. The schematic diagram lists the RBPs involved in the regulatory mechanisms of breast cancer that appear in the article.



In this review, we will discuss the function of RBPs in breast cancer cells and their regulatory mechanisms, as well as their potential targets for diagnosis and treatment, providing new therapeutic strategies for the future.



Mechanism of RBPs in breast cancer

In recent years, the specific expression and function of RBPs in breast cancer can be revealed using advanced bioinformatics tools, such as analysis of RNA-seq data based on The Cancer Genome Atlas (TCGA) data. The results of GO and KEGG analysis showed that these RBPs up- or down-regulated in breast cancer are mainly involved in RNA processing, splicing, localization and RNA silencing, and transcriptional regulation.In addition, there are RBPs associated with estrogen response, inflammatory mediators and translational regulation, which in turn are involved in the process of breast cancer development, invasion and metastasis. A recent study showed that 90 RBPs were upregulated and 115 RBPs were downregulated in breast cancer (11). Herein, we review the main regulatory mechanisms of RBPs in and how their dysregulation leads to the development of breast cancer (Table 1).


Table 1 | Roles of RNA binding proteins (RBPs) in breast cancer.




Dysregulation of miRNA processing of RBPs may contribute to breast cancer development

RBPs are key regulators that control the different stages of miRNA biogenesis and maturation, as well as their localization, degradation and activity, and they promote or inhibit miRNA processing mainly through their action on canonical proteins (such as DROSHA and Disher). In recent years, studies have shown that RBPs play an important role in miRNA processing and function; therefore, dysfunction and altered expression levels of RBPs are associated with miRNA processing disorders leading to the dysregulation of target mRNAs, which contribute to tumorigenesis and development of breast cancer (21, 71).

LIN28 (LIN28a and LIN28b) is known to be one of the RBPs with two RNA binding motifs: the cold shock structural domain(CSD) and the Cys-Cys-His-Cys(CCHC) zinc finger structural domain (12). These structural domains of LIN28 are required for direct interaction with the terminal loop (TL) of pre-let-7, thereby inhibiting the biogenesis of let-7 miRNAs (13). It has been reported that LIN28 is mainly localized in the cytoplasm, and LIN28 specifically binds to the terminal loop region of pre-let-7 miRNA, which isolates pri-miRNAs in the cytoplasm and acts as a distraction from the nuclear microprocessor complex, ultimately inhibiting miRNA processing (14). The family of let-7 microRNAs (miRNAs) is a key inhibitory target of LIN28 and exerts potent tumor suppression through posttranscriptional inhibition of multiple oncogenic messenger RNAs (mRNAs) (15). Research has shown that the most fundamental feature of LIN28 in breast cancer cells is its ability to promote and maintain slow proliferation. For example, LIN28 achieves direct or indirect regulation of let-7 by repressing let-7 to enable it to function as an oncogene, including the dysregulation of several genes that are components of the MYC, HMGA2, and PI3K-mTOR pathways (16). The reduction of let 7 mediated by LIN28 downregulates let-7 target genes, leading to abnormalities in the LIN28/let-7 pathway and contributing to tumor proliferation, invasion, metastasis, inflammation, and angiogenesis (17, 18).

KH-type splicing regulatory protein (KHSRP) is a single-stranded multifunctional RNA-binding protein that is involved in posttranscriptional aspects of RNA metabolism and plays an important role in the development of breast cancer (72, 73). KSRP, a component of the DROSHA and DICER complex, is able to regulate the biogenesis of a portion of miRNAs and is also a key regulator involved in miRNA precursor processing due to the high affinity of KSRP for the terminal loop (TL) of target miRNA precursors and promotes the maturation of miRNAs (19). KHSRP is a key factor in maintaining the epithelial phenotype, which facilitates mRNA decline and miRNA maturation. For example, KHSRP in NMuMg cells (a mouse immortalized mammary epithelial cell line) promotes maturation of precursor miR-192-5p, which upregulates EMT factor expression. In contrast, the expression of anti-miR-192-5p in NMuMg cells upregulates the expression of Zeb1, ZEB2, Snai1, Iglon5, and Mmp9 but does not affect the mRNA levels of FSTL1, even leading to the downregulation of the expression of EMT factors, such as Fn1, Col6a2, and Col12a1 (20).

Some specific RNA-binding proteins (RBPs) have emerged as important posttranscriptional regulators of miRNA processing, such as our discovery of heteronuclear ribonucleoprotein A1 (HnRNP A1), a cofactor containing two RRM structural domains that can make specific contacts through the terminal loop of RNA. Subsequently, processing of miRNA precursors can begin, such as the regulation of miRNA-18a (pri-mir-18a) processing, which mainly binds specifically to two UAG motifs of pri-miR-18a (one in the TL and one in the proximal stem region), forms a 1:1 complex with this miRNA, and relaxes the pri-miRNA stem, thus improving the cleavage efficiency of DROSHA (21, 22). When miR-18a expression is reduced, SREBP1 overexpression occurs, E-cadherin is suppressed, Snail/HDAC1/2 complex formation occurs, and EMT is ultimately induced in breast cancer cells (23). HnRNP A1 can also act as a negative regulator of let-7a processing, competing with the activator protein KHSRP for the pri-let-7a terminal loop, leading to a block in the interaction of KHSRP and thus increasing let-7a biogenesis, so HnRNP A1 and KHSRP have an antagonistic role in the posttranscriptional regulation of let-7 precursor processing (22, 24).



RBPs, as splicing factors, regulate alternative splicing to influence the related process of breast cancer

Alternative splicing is one of the most prevalent functions of RBPs in gene regulation. RNA splicing is a form of RNA processing in which newly generated precursor messenger RNA (premRNA) transcripts are converted into mature messenger RNA (mRNA) (74). Specifically, alternative splicing is the process of rearranging exon, partial exon, and/or partial intron combinations into mature RNAs by selecting different combinations of premRNAs from different regions to form different mature mRNAs, thus achieving genetic diversity (25, 75, 76). The splicing process is a sequential phosphodiester transfer reaction catalyzed by a large ribonucleoprotein complex composed of the small nuclear ribonucleoproteins (snRNPs) U1, U2, U4, U5 and U6 and splicing factors (which are RNA-binding proteins targeting specific RNA sequences or motifs) (25). Studies have shown that splicing factors play a dual role in activating or inhibiting splicing events, and once these RBPs bind to pre-RNAs, they can either facilitate or block the interaction between spliceosomes and premRNAs (25). Therefore, abnormalities in alternative splicing may systematically affect all cancer-related processes, such as epithelial-to-mesenchymal transition (EMT) (77).

Serine/arginine-rich splicing factors (SRS) belong to a family of serine-rich proteins, typically consisting of 12 members (SRSF1-12), that play a key role in controlling alternative splicing in cancer, for which aberrant expression of SRS, for example, leads to aberrant RNA splicing and ultimately affects tumor cell proliferation, migration and apoptosis (78). One study found that the SR proteins SRSF1, SRSF2, SRSF3, SRSF5 and SRSF6 are overexpressed in breast cancer (25). Overexpression of SRSF1 inhibits apoptosis and promotes the transformation of mammary epithelial cells by inducing alternative splicing of the antiapoptotic splice isoforms BIM and BIN1 and the expression of splice variants lacking the BH3 structural domain (39). SRSF3 is the smallest SR protein involved in the alternative splicing of FoxM1, producing FoxM1a, b and c1a isoforms (40). During alternative splicing, SRSR3 recognizes the CUC(U/G)UCY splice enhancer sequence, a process promoted by the N6-methyladenosine (m6A) reader protein YTH structural domain containing 1 (YTHDC1), which in turn prevents binding of SRSF10 mRNA and ultimately promotes exon inclusion of the target mRNA (79). It has been shown that SRSF3-induced expression promotes the splicing of glucocorticoid receptor (GR) to GRα, which upregulates activated C-kinase receptor 1 (RACK1) and leads to a significant increase in MDA-MB-231 cell migration. In contrast, silencing RACK1 or SRSF3 prevents this increase (41).

The splicing factor heterogeneous ribonucleoproteins (HnRNPs) are a family of RNA-binding proteins (RBPs) containing at least 20 members with a common structural domain that positively or negatively control splicing by binding to different regions of premRNA (80). In addition, SR proteins typically compete with splicing factors (HnRNPs) to block entry of spliceosome elements by binding to exon or intron splice silencing factors (ESSS or ISSS) and result in inhibition of splice site selection. SR proteins that act as antagonists of HnRNPs in a concentration-dependent manner can prevent exon skipping (81). The HnRNP family members HnRNPA1, HnRNPA2, HnRNPI, HnRNPM and HnRNPK have been reported to be highly expressed in breast cancer (25). In particular, HnRNPA1 not only reduces the formation of the EMT-driven isoform ΔRON by producing a tumorigenic splice variant of RON but also acts as an oncoprotein that promotes the inclusion of exon 9 of the tumor suppressor caspase-2, resulting in the production of the truncated antiapoptotic isoform caspase-2S (25). Binding to the GC-rich structural domain of CD44, HnRNPM promotes the skipping of exon 8, which ultimately promotes breast cancer metastasis by enhancing TGFβ signaling and thus activating the switch of alternative splicing that occurs during epithelial-mesenchymal transition (EMT) (25, 34). Known as polypyrimidine domain binding protein (PTB), HnRNPI functions as a splicing repressor, regulating cancer-associated alternative splicing events by interacting with pyrimidine-rich sequences, such as exon skipping or inclusion when PTB is knocked down (35).

Two splicing factors, HnRNP H1 and SRSF3, involved in the regulation of splicing in highly spliced regions were found to be present in HER2-overexpressing breast cancers by RNA interference experiments. However, the role of HnRNP H1 in cancer development is still complicated by its ability to upregulate anti-apoptotic heterodimers (MADD30) and pro-apoptotic spliceosomes (Bcl-xS), such as the increase in the oncogene Δ16HER2 variant observed following knockdown of HnRNP H1, suggesting that deletion of this splicing factor may lead to a more oncogenic phenotype (36).

ESRP1 and ESRP2 belong to the RNA-binding protein RBM family, also known as RBM35A and RBM35B, respectively, and are epithelial-specific splicing regulators that control the splicing process of epithelial-to-mesenchymal transition (EMT) in cancer. It has been found that knockdown of ESRP1 increases the expression of Rac1b isoforms by allowing alternative splicing of Rac1 mRNA to include variant exon 3b, while in ESRP1 knockdown cells, Rac1b regulates actin dynamics, increases cell motility and induces the formation of long filamentous pseudopods (42). It was shown that ESRP1 promotes lung cancer metastasis by regulating CD44 splicing in ER-negative 4T1 mouse mammary tumor cells. In addition, overexpression of ESRP1 and ESRP2 in basal-like breast cancer cells resulted in upregulation of E-cadherin expression, while in an ER-negative breast cancer model (MDA-MB-231 cells), low ESRP1 expression was associated with the development of EMT. In contrast, ESRP1 drove invasiveness in ER+ breast cancers independent of EMT, and thus, high ESRP1 expression but not ESRP2 was significantly associated with reduced overall survival in breast cancer patients as well as with poor prognosis in ER+ breast cancers, suggesting that the malignant phenotype of human breast cancer is associated with ESRP1 overexpression (42, 43).

Sam68 (68 kDa SRC-associated substrate during mitosis), which belongs to the STAR (signal transducer and RNA activator) RNA-binding protein family, is the first BRK phosphorylated substrate identified in vivo and promotes cell growth mainly by regulating alternative mRNA splicing. Sam68 regulates CD44v5, cyclinD1 and Bcl-xs mRNA splicing (44, 45). In living cells, Sam68, when phosphorylated by Src-like kinase, alters the splicing of Bcl-x and leads to the ratio change of the two splice variants it encodes, pro-apoptotic Bcl-x(S) and anti-apoptotic Bcl-x(L), which facilitates the accumulation of Bcl-x(L) and thus keeps cancer cells from undergoing apoptosis (82). Sam68 is significantly overexpressed in breast cancer cells and tissues and is associated with shorter survival rates; conversely, downregulation of endogenous Sam68 expression leads to suppression of proliferation and tumorigenicity of breast cancer cells (46).



RBPs maintain RNA stability by binding to the mRNA 3’UTR and thus affect breast cancer

One of the determinants of RNA stability is the 5’7-methylguanine nucleoside cap, which is bound together by cotranscription factors to prevent mRNA decline and facilitate translation initiation. Conversely, the well-known regulatory pathway of mRNA is the 3’ end of polyadenosine. After transcription, a group of terminal nucleotidyl transferases (Tents) called poly(A) polymerases (PAPs) add untemplated adenosine residues to the 3’ end of the transcript to stabilize the mRNA by interacting with poly(A)-binding proteins (PAMPs) (83, 84).

RNA-binding motifs (RBMs) are novel RBPs with one or more RNA recognition motif (RRM) structural domains, of which RBM47 has three RRM structural domains that can play an important role as tumor suppressors in posttranscriptional regulation, mainly by inhibiting EMT and Wnt/β-catenin signaling (85). Low RBM47 expression is significantly associated with a poor prognosis in two subtypes of claudin-low breast cancer and basal breast cancer. In addition, RBM47 binds mainly to the intron and 3’UTR of the target mRNA, with the strongest binding occurring in the 3’UTR (47). RBM47 increases the stability of Dkk1 mRNA in breast cancer cells through direct binding to the noncoding region at the 3’ end of Dkk1 mRNA. Dkk1 is a secreted protein that suppresses tumor metastasis and is also an inhibitor of Wnt signaling, which has been shown to promote breast cancer progression. RBM47 can increase Dkk1 secretion, which in turn inhibits Wnt signaling, thereby reducing the tumorigenic fitness of metastatic breast cancer cells (47). As a result, RBM47 inhibits the progression and metastasis of breast cancer.

Heterogeneous ribonucleoprotein D (HnRNP D), also known as Au-rich element RNA binding protein 1 (AUF1), is localized to the 3’ untranslated region (3’UTR) of many unstable mRNAs and consists of four different protein isoforms: p40AUF1 and p37AUF1 are commonly found in the cytoplasm and nucleus, whereas the P45AUF1 and p42AUF1 isoforms are predominantly found in the nucleus (26). These isoforms have a high affinity for unstable sequences of mRNA and AU-rich (AREs) sequences located in the 3’UTR of mRNAs, and therefore, HnRNP D promotes mRNA decline through ARE-mediated decline (AMD) (26, 80). c-Yes is a member of the c-Src family of tyrosine kinases. In MDA-MB-231 human breast cancer cells, downregulation of c-Yes expression levels leads to overexpression of the small molecule heat shock protein 27 (Hsp27), immediately followed by increased invasive ability in vitro and metastatic behavior in vivo (27). The expression regulation of c-Yes may be mediated by regulatory sequences in the 3’UTR because the c-Yes 3’-UTR can interact with AUF1 and HuR, which may accelerate mRNA degradation, ultimately leading to the downregulation of c-Yes (27).

The HnRNPs E1 and E2, also commonly referred to as poly(C)-binding proteins PCBP1 and PCBP2, are composed of HnRNP K/J and HnRNP K homology structural domain (KH) alpha-complex proteins (CP1-4 or PCBP1-4α) (28). PCBP1 stabilizes p27 mRNA mainly by binding to the p27 3’UTR through its Kh1 structural domain, which enhances its translation, promotes p27 protein expression, induces cell cycle arrest, inhibits cell proliferation, and ultimately suppresses tumorigenesis in vitro and in vivo. Conversely, knockdown of PCBP1 in turn accelerates p27 mRNA degradation, causes low p27 (cell cycle inhibitor) protein levels and leads to the development of breast cancer. It has been reported that PCBP1 expression is downregulated in breast cancer (29). In addition, both UFD1 and NT5E knockdown inhibit cell proliferation, colon formation, migration and invasion in breast cancer. Overexpression of PCBP2 promotes the proliferation and metastasis of breast cancer cells by maintaining the mRNA stability of UFD1 and NT5E. PCBP2 binds to the 3’UTR of UFD1 and NT5E to upregulate the expression of these two downstream genes, which ultimately promotes the development of breast cancer (30).

The RNA binding protein DND1 is an evolutionarily conserved RBP that maintains the stability of BIM mRNA by binding to its 3’UTR and competitively inhibits the interaction between miR-221 and BIM, resulting in increased expression of BIM and promoting apoptosis in breast cancer cells (48). When DND1 is knocked down in breast cancer cells, it promotes the decline of BIM mRNA due to the increased binding of miR-221 to the Bim-3’UTR, thereby inhibiting apoptosis or leading to a poor prognosis in breast cancer patients. Conversely, DND1 protects BIM expression from miR-221 inhibition by competitive binding to BIM, thereby promoting apoptosis in breast cancer cells, but the expression level of DND1 is reduced in breast neoplasmss (48).

Zipcode Binding Protein 1 (ZBP1, also known as IMP-1 or IGF2BP1) belongs to a family of conserved RNA-binding proteins containing four HnRNP K (KH) structural domains and two RNA recognition motifs and is an mRNA regulatory factor (86). The expression of ZBP1 and β-catenin (associated with cell migration and proliferation) is synergistically regulated. ZBP1 binds to β-catenin mRNA in vivo, increasing the stability of β-catenin mRNA and inhibiting cell proliferation and migration. In metastatic breast cancer cell lines and tumors, the expression of ZBP1 is downregulated, leading to cell proliferation and migration (49, 50). Conversely, in breast cancer cells, IMP1 binds to the ACACCC motif of lncRNA UCA1 through the KH34 structural domain of the protein, destabilizing UCA1, promoting the decay of UCA1, and causing suppression of the UCA1-induced invasive phenotype (51). miR-122-5p is a suppressor of mRNAs associated with cell invasion, and UCA1 is a sponge for endogenous miR-122-5p. IMP1 binding to UCA1 destabilizes UCA1 and blocks the association between UCA1 and miR-122-5p, which in turn reduces the sponging effect of UCA1 on miRNAs, ultimately allowing the oncogenic effect of UCA1 to be diminished (51). IMP2 and IMP3 promote epithelial-mesenchymal transition (EMT) and metastasis, and they are overexpressed in TNBC. miR-200a, a family of tumor suppressor miRNAs, is downregulated in TNBC and maintains a stable epithelial phenotype by directly targeting the E-cadherin repressors ZEB1 and ZEB2, thereby significantly inhibiting EMT and metastasis (53). IMP2 and IMP3 are direct targets of miR-200a. IMP2 and IMP3 destabilize progesterone receptor (PR) mRNA by recruiting the CCR4-NOT transcriptional complex subunit 1 (CNOT1) complex and repressing miR-200a transcription. Overexpression of IMP2 and IMP3 repress miR-200a by post transcriptionally regulating PR mRNA stability to suppress miR-200a expression. Conversely, PR-induced miR-200a can also inhibit the expression of IMP2 and IMP3 by directly targeting their 3’UTR regions (53).

HuR is a tumor maintenance gene that allows malignant transformation, tumor growth and metastasis of RBPs.HuR binds to the 3’UTR of many proto-oncogenes and unstable AREs to regulate the stability and enhance the translation of target mRNAs, and it is also a key regulator affecting their translocation from the nucleus to the cytoplasm (87). Overall, in breast cancer cell lines, HuR has been shown to bind to mRNAs encoding 38 proteins that are associated with pathways of cell cycle arrest, angiogenesis and proliferation, and apoptosis, such as HuR, through stabilization of cell cycle protein-dependent kinase inhibitor 1 (p21), CDK1, CDK7, hypoxia-inducible factor 1α (HIF-1-α), calmodulin, vascular endothelial growth factor A (VEGF-A), MMP9, ER, HOX-A5, IL-8, FOXO1, CD9, CXCR-4, erbB2, SiRT1, and SOCS3, among other mRNAs, thereby increasing their protein levels, but HUR downregulates the mRNA levels of Wnt5a, tumor protein 63-delta Np63 (TP63), breast cancer type 1 susceptibility protein (BRCA1) and insulin growth factor 1 receptor (IGF1R) (54). Therefore, silencing and overexpression of HuR regulate the development of breast cancer.

LA-associated protein 7 (LARP7), a La family RNA-binding protein that controls RNAPII-suspended 7SK RNA, contains two RNA-binding domains: the RNA recognition motif (RRM) and the HTH La-type RNA-binding domain, which binds to and stabilizes 30 hairpins of 7SK RNA (the most abundant noncoding RNA in mammalian cells), forming the core of 7SK snRNP (7SK small ribonucleoprotein) (59). LARP7 is expressed at low levels in invasive breast cancer tissues and cells; therefore, when a reduction in LARP7 expression is observed, P-TEFb (positive transcriptional elongation factor b) in 7SK snRNP is released, and P-TEFb is reassigned to the transcriptionally active super elongation complex, allowing P-TEFb activation and EMT transcription factors (including FOXC2, Slug Twist1 and ZEB2) to be transcriptionally increased, which ultimately promotes breast cancer invasion, metastasis and EMT (60).

Tristetraprolin (TTP, also known as ZFP36) is an RNA-binding protein containing a tandem CCCH zinc finger structural domain and a proline-rich structural domain and a conserved carboxy-terminal sequence that normally binds to AU-rich elements (AREs) in the 3’-UTR of mRNA, causing the mRNA to depolymerize the poly(A) tail and leading to the degradation of its own mRNA (61, 62). In ERBB2 (oncogenic gene, also known as her2/Neu)-positive breast cancer, the RAS-MAPK kinase pathway is one of the signaling cascades activated by ERBB2 and synergizes with the PI3K/AKT pathway. The MAPK pathway stimulates TTP phosphorylation and becomes less active when it is phosphorylated, preventing deadenylation through the retention of 14-3-3 protein, thus failing to promote mRNA decay, leading to enhanced mRNA stability and translation and promoting the formation of cancer features, including proliferation, invasion, angiogenesis, metastasis and drug resistance (62).

Wig1 (also known as ZMAT3) is a direct target of the oncogene p53 and can encode a double-stranded RNA-binding zinc finger protein that inhibits cell proliferation by binding to p53 mRNA, stabilizing the AU-rich elements (AREs) in the 3’UTR of p53 mRNA and promoting its translation. p53 may also inhibit cell proliferation through Wig-1 by blocking HnRNP A2/B1, thus inhibiting cell proliferation through an unknown mechanism (63–65). Therefore, downregulation of Wig-1 may contribute to the development of breast cancer.



RBPs regulate the poly(A) tail length of mRNAs of breast cancer-related genes through alternative polyadenylation

Alternative polyadenylation (APA) is an event leading to the formation of mRNA 3’ UTR isoforms that can produce shorter or longer mRNA isoforms by 3’-terminal cleavage and polyadenylation (CPA). The 3’ UTR was observed to be generally longer in breast cancer cells and is an important regulator of gene expression regulation (88). RBPs can also regulate the cleavage and CPA of target mRNAs by competing for or enhancing the binding of polyadenylation machinery proteins to their target sites, and thus, other auxiliary proteins, including RBPs, as well as polyadenylation machinery proteins strictly regulate polyadenylation (88).

Cytoplasmic polyadenylation element binding proteins (CPEBs), consisting of four paralogs (CPEB1-4) containing two zinc fingers and two RNA recognition motifs (RRMS), as well as a regulatory N-terminal region, are a family of RNA-binding proteins that directly mediate intracytoplasmic polyadenylation. They bind to target mRNAs through a mechanism of translational repression or cytoplasmic polyadenylation, allowing cytoplasmic polyadenylation elements (CPEs) to regulate the poly(A) tail length of mRNAs to regulate the translation of mRNAs (89). CPEB1 absence in breast cancer not only leads to the loss of polarity of mammary epithelial cells but also lengthens poly(A) and increases the polyadenylation and translation efficiency of MMP9 mRNA (tumor metastasis-promoting factor), which promotes the metastasis of breast cancer (66). CPEB2 plays a key role in the development of ER-positive breast cancer by regulating the poly(A) tail length of CPE-containing mRNAs, which in turn regulates the translation of mRNAs downstream of steroid hormone signaling, culminating in mammary gland development and ductal breast carcinogenesis (90). Overexpression of CPEB4 is associated with tumor growth, vascularization, migration, invasion and metastasis in breast cancer patients, causing an upregulation of Vimentin expression and promoting EMT, invasion and migration of breast cancer cells. However, the specific role and mechanisms of CPEB4 in breast cancer have not been fully investigated and reported in this regard (91, 92).



RBPs affect breast cancer by regulating RNA subcellular localization

Nucleolin is a multifunctional RNA-binding protein (RBP) with multiple subcellular localizations, consisting of an amino-terminal charge region, a central region consisting of four RNA-binding regions, and multiple functional structural domains of a carboxy-terminal glycine/arginine (GAR) structural domain that drives subcellular localization mainly through the interaction of the protein with the kinesin light chain (93). In contrast, RBPs in numerous mammals have a GAR structural domain, which is a key determinant of the subcellular localization of the nucleolus, with implications for both their cellular function and disease-related occurrence (93). A few known cancer-associated ncRNAs interact with RBPs, such as AUF1, HuR, TTP, and IGF2BP1, which regulate ncRNA stability and subcellular localization in multiple ways (94).

HnRNPK is an abundant nuclear RNA binding protein in which lncRNA MLXIPL with a long internal exon containing multiple HnRNPK binding sites is strongly enriched in the nucleus of various human cell lines, and knockdown of HNRNPK strongly affects MCF7 cells (37, 38). In addition, a short sequence from the Alu element can bind to HnRNPK and increase its nuclear accumulation (37).

In addition to regulating the level of synthesis of specific proteins, CPEB1 coordinates the translational position of mRNAs through the regulation of their subcellular localization, while its regulated RNA localization is important for cell polarity. For example, CPEB1 mediates the apical localization of ZO-1 mRNA, a key tight junction component encoded by this mRNA in mouse mammary epithelial cells. This process is manifested by impaired colocalization of the tight junction protein ZO-1 and the tip protein syntaxin-3 and increased mislocalization of ZO-1 and the basal protein E-cadherin, ultimately leading to loss of cytosolic polarity in mammary epithelial cells, allowing epithelial-mesenchymal transition (EMT) and increased metastasis (66).

ZBP1 (IGF2BP1 or IMP1) acts as an RNA regulator associated with many cellular processes, including cell proliferation, cell polarity, induction of tumorigenesis and metastasis, binding to β-catenin (mRNA associated with cell proliferation and migration) to enable its activation, and leading to uncontrolled β-catenin by regulating the localization of β-actin mRNA. Disruption of β-catenin signaling allows the maintenance of cell polarity and directional movement, thereby inhibiting breast cancer cell chemotaxis and metastasis (49, 52). The extent to which IMP2 and IMP3 are involved in RNA localization is unclear, but IMP2 can bind to many nuclear-encoded mRNAs associated with mitochondrial function and may help localize transcripts to the mitochondria in a similar manner to that mediated by IMP1 and IMP3, transporting cytoskeletal and adhesion protein transcripts to the frontier of motile cells, while IMP2 binding to mitochondria regulates respiratory complex formation and facilitates oxidative phosphorylation (OXPHOS) (95). Therefore, we need to further investigate the functions of IMP2 and IMP3 in RNA localization in breast cancer and their mechanisms.



Translational regulation of RBPs in breast cancer

Certain known RBPs (such as the splicing factors EFTUD2 and PRPF8) regulate different translational efficiencies by selective binding to 5’UTR structures; in addition, the use of other UTRs may expose the upstream ORFs of translation (UORF) or affect the stable binding sites of mRNA translation and/or miRNA (96). RBPs can facilitate mRNA translational control by recognizing the internal ribosome entry site (IRES) motif (a structural RNA element in the mRNA 5’UTR) and the translational (BAT) element activated by TGF-β in a cap-independent manner (97–99). Thus, RBPs are involved in various stages of translation, such as initiation, elongation and termination, and, concurrently, may bind to the 5’UTR or 3’UTP to regulate translation efficiency.

HnRNP E1 can regulate the translation of specific proteomes directly or indirectly by binding to RNA: (1) binding of HnRNP E1 to specific targets, which directly inhibits translation by preventing translation elongation; (2) relying on selective splicing; and (3) positively regulating translation by binding to the 3’UTR of transcripts (31). In particular, the ribonucleoprotein (MRNP) complex binds to the 33-nucleotide TGFβ-activated translation element (BAT) in the 3’UTR of the mRNA, thereby silencing the translation of the mRNA encoding the mesenchymal protein. HnRNP E1 is a key component of the BAT-binding mRNP complex (31). In addition, HnRNP E1 can prevent the release of eEF1A1 from the ribosomal A site after GTP hydrolysis by binding to the 3’UTR BAT element of eukaryotic elongation factor-1A1 (eEF1A1), bringing translation elongation to a halt and leading to translational silencing of the two EMT transcripts DAB2 and ILEI (97, 98). TGFβ activates a nonclassical kinase cascade reaction that induces protein kinase BB/Akt2-mediated phosphorylation of HnRNP E1 at serine 43, resulting in release of the mRNP complex from the BAT element and restoration of translation (32). Both TGFβ stimulation and silencing of HnRNP E1 in breast cancer increase the translation of ILEI (oncogenic factor associated with EMT and tumorigenesis), which mediates signaling through STAT3, thereby inducing the formation of BCSCs (breast cancer stem cells) and promoting EMT (33).

HuR may accelerate the initiation of mRNA translation by binding to the 3’-UTR of the target mRNA through interaction with eIF3a (a subunit of the eukaryotic translation initiation factor 3 complex) to regulate protein synthesis (55). HuR not only promotes the translation of p53 mRNA directly but also increases p53 protein synthesis by blocking UV-induced miRNA miR-125b, which has the effect of inhibiting p53 translation (56). In addition, HuR both stimulates XIAP IRES activity and promotes translation of endogenous XIAP mRNA, resulting in elevated levels of XIAP protein and achieving enhanced cytoprotective effects. XIAP is a member of the endogenous inhibitor of apoptosis (IAP) protein family (99). Taken together, HuR may regulate the efficiency of translation through binding to the corresponding breast cancer target mRNA 3’UTR or 5’UTP, which in turn regulates the development of breast cancer.

Eukaryotic translation initiation factor 4E (EIF4E), one of the components of the translation initiation complex EIF4F, recognizes and binds the m7G cap at the 5’ end of mRNA and is a key factor in initiating translation, while its phosphorylation increases mesenchymal markers such as N-calmodulin, wave proteins and fibronectin, which in turn promote tumor invasion, EMT and metastasis (67). When the mRNA unravels, ribosomes are recruited into the mRNA, and translation begins. Overexpression of EIF4E in cancer elevates c-MYC and Cyclin D1 protein levels, which promote proliferation and inhibit apoptosis. Because of the low abundance of eIF4E, it is suggested that it plays a role in translation by regulating the efficiency of mRNA translation (67, 68). The phosphorylation of EIF4E is regulated to some extent by MAP kinase integrated kinase MNK1/2 at serine 209, so the phosphorylation of EIF4E can be blocked by MNK inhibitors. Simultaneously, the synthesis of Cyclin D1 is reduced, and the proliferation and metastasis of breast cancer cells are inhibited by MNK inhibitors (69, 70).

The ACHN gene (also known as La-associated protein 6; LARP6) is a protrusion-rich RNA-binding protein that is also enriched in translation initiation and elongation factors in front of the protrusion and is a key point of translation for local ribosomal protein-encoding mRNAs (RP-mRNAs), promoting migrating cell RP synthesis, protein synthesis and ribosome biogenesis. In human breast cancer, LARP6 overexpression is associated with epithelial-to-mesenchymal transition (EMT) (57, 58).




Function of RBPs in breast cancer

The occurrence of breast cancer may be associated with many factors, including genetic and environmental factors, and RBPs can be involved in the development of breast cancer by regulating the expression levels of proto-oncogenes and oncogenes. Aberrant expression of these RBPs can affect every stage of breast cancer, including proliferation, apoptosis, angiogenesis, senescence, and EMT/invasion/metastasis, and thus, their roles are complex and diverse (Figure 2).




Figure 2 | Roles of RBPs in breast cancer. RBPs play important roles in proliferation, apoptosis, angiogenesis, senescence, and EMT/invasion/metastasis of breast cancer. Representative RBPs for breast cancer traits are listed in the schematic diagram.




RBPs play a proliferative role in breast cancer cells

Most of these RBPs are associated with cell proliferation, and excessive and abnormal proliferation is key to the development of cancer and may gradually evolve into malignancy.

It has been shown that in breast cancer cells, aberrant activation of LIN28 not only represses let-7 to enable it to function as an oncogene but also promotes and maintains the proliferation of breast cancer cells by directly or indirectly stimulating the expression of tumor growth-related genes (including HER2 and HMGA1) after transcription (16, 100).

The HnRNP family of HnRNPA1 and HnRNPI were reported to be overexpressed in breast cancer and to regulate selective splicing of PKM to promote tumor cell proliferation (25). In contrast, HnRNP D, also known as AUF1, controls tumor proliferation by regulating the translation level of Myc mRNA (101). Overexpression of HnRNP K in breast cancer cells significantly increases target c-myc promoter activity and c-Myc protein and HnRNP K protein levels and promotes breast cancer cell proliferation in a nondependent anchoring manner (38).

IGF2BP1 inhibits cell proliferation by regulating the targets of mRNAs associated with breast cancer, such as binding to β-catenin mRNA and improving its stability (49, 50). IGF2BP3 accelerates the proliferation of breast cancer cells not only by regulating the target of the corresponding mRNA but also by competitively binding with miR-3614-3p to the 3’UTR of the host gene TRIM25 and protecting TRIM25 mRNA from miR-3614-mediated degradation (102).

CPEB1 regulates the translation of CPE-containing mRNAs by regulating their poly(A) tail length, thereby affecting cell proliferation (90). CPEB4 is overexpressed in breast cancer cells and alters the proliferative state of the tumor by affecting the expression level of its target mRNA (91, 92).

HuR promotes breast cancer proliferation through mRNAs that regulate the cell cycle or proliferation-related genes and pathways, such as CDK2 and Cyclin E1 (54, 103). LARP6, an oncogene, is highly expressed in myoepithelial cells and mammary basal cell-like invasive ductal carcinoma of the breast and is also aberrantly expressed in MDA-MB-231 breast cancer cells, promoting cell proliferation (104).

Sam68 can promote cell proliferation by regulating the selective splicing of multiple genes, such as Bcl-xL, Cyclin D1, and CD44 (46). In breast cancer, Sam68 is overexpressed, and acetylation of Sam68 and enhancement of its binding to poly(U) RNA by the acetyltransferase CBP can exert a proliferative effect on tumor cells when acetylation of Sam68 and enhancement of RNA binding activity are present (105).

The splicing factor SRSF1 is upregulated in human breast tumors and acts as a target involved in gene expression regulation, cell cycle and proliferation control, as well as cell death and survival, such as through selective splicing (AS). Overexpression of one such heterodimer, exon 9, including CASC4, promotes an increased follicle size and proliferation (106). In addition, the TDP43/SRSF3 complex controls specific splicing events, and TDP43 (TAR DNA-binding protein 43) is an important splicing regulator; when the TDP43 or SRSF3 gene is knocked out, reduced proliferation of mammary epithelial cells is mediated by splicing regulation of Numb exon 12 (107).



Role of RBPs in apoptosis of breast cancer cells

Cancer cells have the ability to not only continuously proliferate but also prevent cell death. Normal cells undergo apoptosis; however, cancer cells perpetually evade apoptosis, thus maintaining the activity of cancer cells and promoting further tumor development. Some of these RBPs are involved in this anti-apoptotic effect by regulating apoptosis-related mRNAs in breast cancer target cells, such as Myc, Mcl-1, p53, Bcl-2 and other mRNAs (108, 109).

HuR affects apoptosis in breast cancer cells by regulating mRNAs that stabilize anti-apoptotic genes, such as mRNAs for p53, bcl-2, Fas, and TNF (54–56). HuR can also influence the anti-apoptotic effects of cells by stimulating XIAP IRES activity and promoting the translation of endogenous XIAP mRNA (99).EIF4E is involved in regulating the expression levels of c-Myc and Bcl-xL to influence apoptosis (110). DND1 expression is downregulated in breast cancer cells and is associated with a poor patient prognosis, and it promotes apoptosis by inducing BIM mRNA expression through competitive interactions with miR-221 (48). In breast cancer, downregulation of KIN17 inhibits cell proliferation and promotes apoptosis, which is associated with increased Caspase3/7 activity (111). The LARP family affects cell growth by controlling the stability of cell survival genes (e.g., Bax and Bcl-2) (104). The SRS family affects apoptosis mainly by regulating the selective splicing of tumor-associated genes (such as BIM and BIN1) (39, 78).



RBPs affect angiogenesis in breast cancer

Both normal cells and cancer cells need oxygen and nutrients, especially cancer cells, which need larger amounts. The process of cancer cell metastasis requires passage through blood vessels, so angiogenesis is necessary for tumor development. Angiogenesis is promoted by angiogenic activators, such as vascular endothelial growth factor, tumor necrosis factor-α, and hypoxia-inducible factor-1α (HIF-1α) (112). RBPs are involved in regulating the expression of angiogenic factors and play an important role in tumor progression.

HuR is involved in regulating the expression of several angiogenesis-related genes, including vascular endothelial growth factor α (VEGFα), HIF1α and platelet response element 1 (TSP1), a known anti-angiogenic gene. Surprisingly, overexpression of HuR in ER-breast cancer leads to an increase in TSP1 and a decrease in VEGF expression, resulting in reduced tumor angiogenesis, so the exact mechanism of the antiangiogenic effect against HuR is not fully understood but may involve an interaction between HuR and microRNAs (113). EIF4E may be an important regulator of angiogenic factor (such as IL-8 and VEGF) production in breast cancer cells, affecting angiogenesis by regulating the translation of its target mRNAs (VEGF, Cyclin D1 and FGF2), and is associated with a poor prognosis in breast cancer (114, 115). LIN28 affects angiogenesis by regulating the expression level of let-7d (116). In breast cancer, SRPK1 can mediate SRSF1 phosphorylation and promote angiogenesis by regulating VEGF premRNA splicing to generate proangiogenic isoforms (117). Regulation of the mRNA half-life plays an important role in breast cancer. TTP, an RNA-binding protein 1 and KH-type splicing regulatory protein that normally promotes mRNA degradation, reduces the half-life of VEGF mRNA and slows the growth of RAS-transformed cell-derived nude mouse xenograft tumors, in turn reducing the microvessel density in tumors and leading to the inhibition of tumor growth and angiogenesis (118). LARP6 is overexpressed in breast cancer and promotes angiogenesis by upregulating the expression of MMP-9 and VEGF (57, 104).



Role of RBPs in the senescence of breast cancer

Cellular senescence is a biological process influenced by multiple factors that can lead to permanent cell cycle arrest. RBPs can lead to abnormal gene expression during cellular senescence, which in turn regulates the senescence of tumor cells.

In immortalized MCF-10A mammary epithelial cells, HuR can specifically bind to two U-rich elements in the 3’UTR of p63 mRNA, which in turn downregulates the expression level of the tumor suppressor △Np63 and slows cellular senescence (119). Wig1 promotes the degradation of p21 mRNA by binding to the stem–loop structure near the miRNA target site, thereby reducing the expression of p21 and inhibiting cellular senescence (120). AUF1 inhibits the senescence of breast cancer cells by participating in the degradation of the senescence-related genes p16, p53, and p21 (121). SRSF1 stabilizes p53 by recruiting the RPL5-MDM2 complex and increases p53 protein expression and activity, leading to premature cellular senescence (122).



RBPs and breast cancer EMT with invasion and metastasis

During cancer development, RBPs can promote EMT in tumors through various regulatory mechanisms, and when EMT occurs, they inhibit intercellular adhesion and cell polarity, which also promote cancer invasion and metastasis.

ESRP1 and/or ESRP2 further promote EMT by regulating the selective splicing of Rac1 and CD44. In breast cancer, the reduction of ESRP1 changes the variant expression of CD44v from CD44v to CD44, thus inhibiting its metastasis in the lung (42, 43). In addition, HnRNP M can promote the expression of mesenchymal-specific CD44v through competitive interaction with ESRP1, thereby promoting breast cancer metastasis (25, 34).

Members of the HnRNP family can promote EMT and tumor invasion and metastasis. HnRNP E1 regulates the splicing of EMT-related genes and silences their translation in a TGF-β-dependent manner by binding to C-rich elements in the 3’UTR of certain mRNAs, including CD44 and PNUTS. In normal mouse mammary epithelial cells (NMuMG), when HnRNP E1 is silenced, it increases migration and invasiveness in vitro and promotes the formation of distant metastases in vivo (123). In breast cancer, HnRNP-K is highly expressed and promotes metastasis by inducing the extracellular matrix, cell motility, angiogenesis-related genes and invasive signaling pathways, such as the regulation of cell migration via the Ras/MEK/ERK-MMP-3 pathway (124). HnRNP A1 affects the expression of SREBP1, suppresses E-cadherin, and promotes formation of the Snail/HDAC1/2 complex by regulating the processing of miRNA-18a (pri-mir-18a), leading to EMT in breast cancer cells (23).

Overexpression of LIN28A/B is associated with breast cancer tumor migration and invasion, and the mechanism may be related to the let-7 gene (17, 18). In normal mouse mammary epithelial cells (NMuMG), KHSRP can inhibit TGF-β-mediated EMT by activating miR-192-5p, thereby reducing EMT-associated factors (20). CPEB1 is negatively associated with breast cancer metastasis, and mechanistically, knockdown of CPEB1 can contribute to breast cancer metastasis through polyadenylation and translation of MMP9 mRNA (66).In breast cancer, EIF4E increases mesenchymal markers by regulating its phosphorylation, which in turn promotes tumor EMT, invasion and metastasis (67).

IGF2BP1 binds to target mRNAs, such as β-catenin or lncRNA UCA1, by regulating their stabilization and localization, thereby inhibiting metastatic cell invasion and migration, but IGF2BP1 is expressed at low levels in metastatic breast cancer (49–51). In triple-negative breast cancer, IGF2BP2 and 3 contribute to cell migration and invasion by recruiting the CNOT1 complex to destabilize PR mRNA and thereby synergistically promote cell migration and invasion (53).

LARP6, a member of the La-associated protein (LARP) family, is aberrantly expressed in MDA-MB-231 breast cancer cells, resulting in a series of physiological responses with enhanced invasive behavior in in vitro and in vivo xenograft models, including proliferation, platelet pseudopod formation, EMT, invasion, MMP-9 and VEGF expression, angiogenesis and tumor growth (57). LARP7 is expressed at low levels in breast cancer; therefore, elevated levels of this protein are associated with overall improvement and longer recurrence-free survival. It has been found that short hairpin silencing of LARP7 in MCF10A cells can upregulate the expression levels of P-TEFb-mediated EMT and metastatic genes (such as Slug, Twist1 and ZEB2), thereby promoting tumor invasion and metastasis (104).

It has been shown that Sam68 can induce the BRK/ERK5/Sam68 complex through the activation of Met receptors (and ErbB receptors), which function to reprogram cellular mRNA splicing, thereby promoting protein expression and ultimately favoring breast cancer cell migration (45). RBM47 inhibits tumor progression and metastasis by increasing the secretion of DKK1, which in turn inhibits tumor progression and metastasis (47). SRSF1 promotes EMT, invasion and migration of breast cancer by generating the expression of splice variants lacking the BH3 structural domain (39).




RBPs as biomarkers of breast cancer and their future development prospects for clinical treatment

With the in-depth study of RBPs in breast cancer in recent years, there is a new understanding of their function and mechanism in regulating RNAs, which are closely related to breast cancer proliferation, invasion, metastasis, MET and drug resistance.


RBPs as biomarkers and potential therapeutic targets for breast cancer

Through a large amount of clinical data and literature in recent years, it has been shown that many RBPs can serve as biomarkers and potential therapeutic targets for breast cancer. For example, CPEB4, which is overexpressed in breast cancer, can induce MET and metastasis in breast cancer cells and may become a potential molecular marker for treatment and prognosis prediction in advanced breast cancer (91). It has been shown that DND1 can inhibit the binding of miRNAs to BIM in breast cancer cells and highlighted that DND1 can promote apoptosis in breast cancer cells; thus, DND1 may be a potential therapeutic target for breast cancer (48). It has also been found that NONO is a key regulator of breast cancer proliferation, regulating the expression of the cell proliferation-related genes Skp2 and E2F8 at the posttranscriptional level, and it may become a new diagnostic marker and therapeutic target for advanced breast cancer (125). In addition, the RNA-binding protein PSF promotes the proliferation of ER-positive breast cancer cells by regulating the expression of ERα, TRA2B, aberrant spindle-like microcephaly associated protein (ASPM), and SEC1 family structural domain 2 (SCFD2) mRNAs at the posttranscriptional level, and it may be a potential diagnostic and therapeutic target for hormone-resistant breast cancer and primary breast cancer, as well as a potential poor prognostic factor for ER-positive breast cancer (126). According to an experimental validation, downregulation of the expression of three RBPs (MRPL12, MRPL13 and POP1) resulted in significant inhibition of breast cancer cell survival and migration in vitro, suggesting their potential to be designed as biomarkers and/or therapeutic targets for breast cancer (127). There are data supporting that Sam68 is overexpressed in human breast cancer cell lines and tissues and may play an important role in promoting proliferation and cell cycle progression in human breast cancer, so sam68 could be used as a prognostic or diagnostic biomarker for breast cancer treatment. Silencing sam68 plays an antiproliferative role, mainly through activation of the FOXO/p21/p27 pathway and inactivation of the Akt/GSK-3β signaling pathway, so it is also a potential target for the future treatment of breast cancer (46). Finally, EIF4A3, an important RBP, is overexpressed in breast cancer and regulates the cell cycle by binding to SEPT9 premRNA to promote circ-septin 9 (SEPT9) expression, so it may also serve as a diagnostic marker or therapeutic target for breast cancer (128, 129).



Therapeutic approaches for cancer RBPs and future development directions

Previous reports have shown that RBPs play an important role not only in the expression of normal cells but also in the regulation of breast cancer development. In recent decades, there have been no specific drugs directly targeting RBPs for treatment, but recent developments have revealed that we can target RBPs directly or indirectly with a variety of different approaches. These strategies may involve RNA–protein or protein–protein interactions, cellular pathways, and protein aggregation, among others. Direct therapeutic strategies revolve around the inhibition or overexpression of specific RBPs, while indirect approaches include the use of small molecules, oligonucleotide-based strategies, oligonucleotide aptamers, synthetic peptides and other potential strategies for targeting RBPs in cancer, with the use of small molecules being the most common strategy for targeting RBPs (Figure 3) (7, 130).




Figure 3 | With the development of Clip-sequencing, a technique to identify genome-wide RNA binding motifs in vivo. These strategies may involve RNA-protein or protein-protein interactions, cellular pathways and protein aggregation, among others. Direct therapeutic strategies revolve around knocking down or overexpressing specific RBPs, while indirect approaches, on the other hand, include the use of small molecules, oligonucleotide-based strategies (ASO, SiRNA, Aptamer) and other potential strategies. The schematic diagram lists some of the RBPs that have made breakthroughs in breast cancer treatment strategy research.



Small molecule drugs can target RBP function in various human diseases, including breast cancer, and have been clinically tested and reported to have anticancer effects. Small molecules can be used to inhibit RBP function in breast cancer by binding to RBD. Taking EIF4E as an example, the binding of EIF4E to the cap structure is used as a target (7). Ribavirin, a guanosine ribonucleoside analog, was initially found to mimic the cap structure and subsequently compete with endogenous mRNA for binding EIF4E, blocking the transport and translation of EIF4E-regulated oncogenes (such as Cyclin D1) to reduce tumor formation in vivo and in vitro (131). It has shown good preclinical efficacy and potential efficacy in clinical trials in metastatic breast cancer (132). In addition, use of the N-7 benzylguanosine monophosphate tryptamine phosphoramidate prodrug (4Ei-1) prevents EIF4E cap binding and triggers proteasomal degradation of EIF4E, thereby sensitizing breast cancer to gemcitabine chemotherapy (133). Several small molecules, 4EGI-1, 4E1RCat and 4E2RCat, have been designed to disrupt the interaction between EIF4E and EIF4G to inhibit cap-dependent translation and promote apoptosis of tumor cells in vitro and in vivo, with significant antitumor effects, especially in breast cancer xenograft models (7, 134).

Another anticancer strategy involves the use of oligonucleotide-based strategies, including short-stranded antisense oligonucleotides (ASOs), small interfering RNAs (SiRNAs), and aptamers. ASOs can disrupt protein production by blocking ribosome binding to inhibit translation of target mRNA or binding to RNA via Watson-Crick base-pairing, which in turn promotes the degradation of target RNA (via RNAase H-mediated degradation), altering RNA metabolism, or upregulating the expression levels of certain genes; therefore, therapeutic ASOs are considered a promising approach for targeted treatment of TNBC (7, 135). For example, in breast cancer mouse transplant tumors, the second-generation antisense oligonucleotide 4E-ASO4 inhibits EIF4E by modifying it to provide nuclease resistance, shows its antitumor activity and is well tolerated with no adverse effects on liver function or body weight (136). SiRNA-based therapies involve the introduction of synthetic SiRNAs encapsulated in nanocarriers into target cells to induce RNAi, thereby inhibiting the expression of specific mRNAs. Thus, SiRNA-mediated gene silencing effects are produced by directing the degradation of specific mRNAs (135). The SiRNA of HuR was loaded into folic acid (FA)-coupled nanoparticles, and the formulation was found to be effective in reducing HuR expression and cell proliferation and to synergistically enhance antitumor effects with reduced cytotoxicity. Furthermore, HuR silencing sensitizes triple-negative breast cancer cells to radiation therapy due to its ability to induce oxidative stress and DNA damage (7). In addition to HuR, SiRNA against EIF4E not only inhibits growth and promotes apoptosis in human breast cancer cells, but also enhances the cytotoxic effect of cisplatin (137). Aptamers can fold into sequence-specific three-dimensional structures that can recognize their unique targets and have antibody-like functions (7). The aptamer AS1411 (formerly known as AGRO100), targeting RBP nucleolin, is a 26-nucleotide DNA-based aptamer that forms a stable G-quadruplex structure that is resistant to nucleases and was the first aptamer to be used in cancer clinical trials. Nucleolin regulates several essential cellular processes, namely, RNA polymerase I transcription, proper folding of mature and prethoracic RNA, mRNA translation, and mRNA stability, and it is overexpressed in cancer (138, 139). AS1411 binds to the external structural domain of the nucleolus and inhibits tumor growth in in vitro and in vivo xenograft models of breast, lung and kidney cancer (139).

Other potential strategies to target RBPs for the treatment of breast cancer include circRNAs and CRISPR-based therapies. circRNAs act as miRNAs or RBP sponges in cancer, altering gene expression levels by regulating transcription and splicing and acting as translation templates. Some circRNAs can also induce the proliferation and progression of TNBC by regulating the transcription of tumor-associated signaling pathways and related genes (140). For example, circ-1073 binds to and increases the expression of HUR, which in turn increases the levels of cleaved Caspase3/9 and E-cadherin, thereby suppressing the malignant biological behavior of breast cancer (141). Interestingly, a circRNA may contain several loci of one or more RBPs, thus regulating the function of RBPs by acting as an RBP sponge or decoy (142). In the last decade, development of the clustered regularly interspaced short palindromic repeat sequence/CRISPR-associated protein 9 (CRISPR/CAS9) system has also had potential therapeutic applications in cancer therapy. CRISPR can directly target RBPs or their functions in different ways. For example, it can be used to knock down oncogenic RBPs in cancer cells, regulate RBP binding sites in mRNAs, or correct cancer-specific RBP mutations that lead to abnormal splicing of oncogenes (7).

In summary, some therapeutic strategies are still in preclinical and clinical trials for evaluation, and we have a lot of work ahead, so the development of a new therapeutic strategy is long and needs to be supported by expansive clinical data.




Conclusions

With the in-depth study of gene expression abnormalities in cancer and our further understanding of posttranscriptional regulation in cancer, there is a strong interest in RBPs because of their involvement in all aspects of posttranscriptional regulation, including mRNA processing, RNA stability, alternative splicing, alternative polyadenylation, subcellular localization and translation, emphasizing that they play an important role in cancer development. As described in this review, certain RBPs collectively regulate multiple genes in breast cancer through multiple functions, leading to different progression and changes in cancer and, for this reason, to the design of new diagnostic and prognostic biomarkers with potential targets for new therapeutic approaches, allowing us to detect breast cancer earlier and develop rational prognostic treatment strategies.

To summarize, dysfunction of RBPs and consequent abnormalities in posttranscriptional gene expression may contribute to breast cancer development and progression. Although in recent years, a large number of researchers have tried to target RBPs and/or their chaperones in preclinical and clinical studies using small molecules, SiRNAs, ASOs, aptamers and nanoparticle carriers of peptides, only a few RBPs have been used in cancer therapy. Because of the large number of RBPs associated with cancer and the lack of available structure-function studies to predict these targets bioinformatically, there is still a long way to go regarding the development of therapeutic strategies against RBPs.

With the development of in-depth research techniques, such as Clip-sequencing(HITS-Clip), PAR-Clip, RIP-SEq and iCLIP, we have discovered many new RBPs and their partners and conducted functional studies. However, the complexity of interactions between RBPs and other cellular networks, pathways and disease-related processes and the function of RBPs are not incompletely understood and under investigation, thus limiting the associated therapeutic strategies associated. In conclusion, our understanding of RBPs related to breast cancer is still in the initial stage, and a large amount of additional research is needed. It is hoped that RBPs will become an important means of clinical treatment of breast cancer in the future.
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Breast cancer is the most common malignancy in women and has a high incidence rate and mortality. Abnormal regulation of gene expression plays an important role in breast cancer occurrence and development. RNA-binding proteins (RBPs) are one kind of the key regulators for gene expression. By interacting with RNA, RBPs are widely involved in RNA cutting, transport, editing, intracellular localization, and translation regulation. RBPs are important during breast cancer occurrence and progression by engaging in many aspects, like proliferation, migration, invasion, and stemness. Therefore, comprehensively understanding the role of RBPs in breast cancer progression can facilitate early diagnosis, timely treatment, and long-term survival and quality of life of breast cancer patients.
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Introduction

Breast cancer is the most common malignancy affecting women and is a highly heterogeneous disease including several subtypes, which are defined by the differential expression of receptors on the cell surface (1). The progression and occurrence of breast cancer are contributed by the ectopic gene expression, which is regulated transcriptionally, post-transcriptionally, translationally, and post-translationally.

RNA biosynthesis and metabolism is one of the key steps of gene regulation. An increasing number of evidence shows that RNA expression profile in cancer cells is significantly different from that in benign cells, suggesting that the abnormal regulation of RNA metabolism may be related to the occurrence and progression of tumors (2). RNA binding proteins (RBPs) are the major regulators of RNA metabolism and crucial in all steps of gene expression (3). As a kind of unstable and degradable biomacromolecules, mRNAs bind to specific RBPs and form complexes to maintain their stability in cells, within which RBPs control the localization, stability, translation, and degradation of RNA by binding to different regions of mRNAs . In addition, the binding of RBPs to RNA contributes to RNA metabolism at different stages and regulates its subsequent function. Currently, exceeding 2000 RBPs are known to interact with RNA through different binding surfaces. The roles of abnormally expressed RBPs in human diseases (such as cancer, viral infection) and the potential application of RBPs as a therapeutic target or diagnostic marker represent a rapidly expanding research field (4). RBPs are disordered in various tumors, and affect the expression and function of tumor-related transcripts, so as to play different biological roles in tumor progression, such as proliferation, invasion, migration, stemness, and angiogenesis. This article will review recent advances in RBPs related to breast cancer (Figure 1; Table 1).




Figure 1 | RBP is related to the occurrence and progression of breast cancer.




Table 1 | Summary of the cellular functions of RBPs in breast cancer.





RNA-binding motif protein 38 (RBM38)

RBM38, also known as RNPC1, is a member of the RBP family. RBM38 gene is located on chromosome 20q13 and belongs to the RNA recognition motif (RRM) family of RBP. RBM38 contains the classical RRM domain and is expressed as RNPC1a with 239 amino acids and RNPC1b with 121 amino acids, respectively. RBM38 exists in various tissues (48), including bone marrow, lymph nodes, human blood, brain, breast, colorectal, lung, and other organs. Additionally, RBM38 has been shown to participate in the progression of breast cancer (49), acute myeloid leukemia (50), colorectal cancer, and renal cell carcinoma (51), via transcriptionally regulating many downstream targets in different ways (51).

Studies have shown that ectopic expression of RBM38 can inhibit the proliferation of breast cancer cells, while knockdown of RBM38 exhibits an opposite effect in vivo and in vitro (52). When RBM38 is overexpressed, it inhibits the migration and invasion of breast cancer cells by inducing cell cycle arrest and inhibiting mutant p53-induced epithelial-mesenchymal transition (EMT) (5). EMT is triggered by individual extracellular signals, including extracellular matrix components, such as collagen and hyaluronic acid, and soluble growth factors, like transforming growth factor–β (TGF-β), fibroblast growth factor (FGF), and epidermal growth factor (EGF). TGF-β is one of the most famous EMT inducers (53). Elevated levels of TGF-β in malignant breast cells enhance breast cancer invasion, migration, and immune evasion. It is found that TGF-β induces a significant down-regulation of RBM38 in breast cancer, which is directly regulated by Snail, a transcription factor targeting at the E-box element of the RBM38 gene promoter region (6). In addition, Zonula occludens-1 (ZO-1) is downregulated in response to TGF-β, which can control endothelial cell-cell tension, cell migration, and barrier formation, while RBM38 positively regulates ZO-1 transcript by directly binding to AU/U rich elements (Ares) on its mRNA 3’-untranslated region (3’UTR), thus inhibiting cell migration and invasion (6).

Furthermore, RBM38 often functions by forming regulatory loops with related genes, for example, Li et al. (7) have shown that RBM38 acted as a tumor suppressor by inhibiting the expression of c-Myc via directly targeting the Ares in c-Myc mRNA 3’UTR, and thus destabilizing c-Myc transcript; In turn, c-Myc inhibits RBM38 expression by directly binding to the E-box motif in the promoter region of RBM38 gene. RBM38 can also function through the tumor suppressor PTEN, as evident by that RBM38 can enhance the stability of PTEN mRNA and increase the expression of PTEN protein by directly targeting PTEN 3’UTR (8). Notably, our previous study also identified novel targets of RBM38 in breast cancer. We found that the expression of RBM38 was positively correlated with the relapse free survival and overall survival of patients with breast cancer, and RBM38 can promote the competing endogenous RNA (ceRNA) network crosstalk among STARD13, CDH5, HOXD10 and HOXD1 (STARD13-correlated ceRNA network) and then inhibit the metastasis of breast cancer cells (9) (Figure 2). Zhu et al. (54) selected 161 cases of breast cancer tissues to explore the relationship between RBM38 expression and distant metastasis and prognosis of breast cancer. The results showed that the high expression of RBM38 was positively correlated with the low rate of distant metastasis and good prognosis in patients with breast cancer (Table 2).




Figure 2 | The regulatory mechanism of RBM38 in breast cancer. RBM38 can directly bind 3’UTR of ZO-1 and PTEN, positively regulate their transcripts, and inhibit cell migration and invasion. RBM38 inhibits the migration and invasion of breast cancer cells by inducing cell cycle arrest and inhibiting mutant p53-induced EMT. RBM38 can act as a tumor suppressor by forming a regulatory loop with related genes, and inhibit c-Myc expression by directly targeting 3’UTR of c-Myc mRNA. In turn, c-Myc inhibits RBM38 expression by directly binding to the E-box motif in the RBM38 promoter region. RBM38 can promote ceRNA interactions among STARD13, CDH5, HOXD10 and HOXD1 (STARD13-correlated ceRNA network), by promoting the expression of these four genes, inhibit breast cancer cell metastasis. Arrows indicate activation and blunted lines indicate inhibition.




Table 2 | RBP and clinical relevance.





Poly (C) binding protein 2 (PCBP2)

PCBP family plays a central role in transcriptional and translational regulation, including mRNA stability, translation silencing, and translation enhancement (55–57). It has been proved that PCBP plays an important role in tumor progression, including apoptosis, proliferation, invasion, and EMT (58). PCBP2, a member of the PCBP family, is an RBP that can regulate RNA stability via directly binding to the single stranded poly (C) motifs of RNAs (10). Several studies have demonstrated the functional role of PCBP2 in the progression of several cancers, including glioma, gastric cancer, pancreatic ductal adenocarcinoma, and hepatocellular carcinoma (58–61). In breast cancer, Thomas et al. (62) used RNA sequencing data to analyze the expression patterns of transcriptional subtypes of eleven estrogen receptor positive (ER+) subtypes and fourteen triple negative (TN) subtypes of breast tumors compared the RNAseq data of 594 cases from the TCGA cohort and identified several RNA processing factors differentially expressing among tumor subtypes and/or regulated by ER, among which PCBP2 was ranked. A recent study showed that the expression of PCBP2 protein was increased significantly in breast cancer tissues and cell lines, which was due to selective cleavage and polyadenylation (APA) (10). Functionally, PCBP2 promoted the carcinogenesis and metastasis of breast cancer by directly regulating the expression of ubiquitin recognition factor in ER-associated degradation 1 (UFD1) and 5’-nucleotidase ecto (NT5E) via binding to their 3’UTRs (10). Additionally, Qin et al. (11) identified that a new long non-coding RNA (lncRNA), named lnc030, is highly expressed in breast cancer stem cells (BCSCs) in vitro and in vivo. And lnc030 cooperates with PCBP2 to stabilize squalene cyclooxygenase (SQLE) mRNA, resulting in increased cholesterol synthesis, which subsequently facilitates the stemness of BCSCs via activating PI3K/Akt signaling (Figure 3).




Figure 3 | The regulatory mechanism of PCBP2 in breast cancer. PCBP2 can directly bind 3’UTR of UFD1 and NT5E, positively regulate their transcripts,and promote tumor growth and metastasis. Lnc030 cooperates with PCBP2 to stabilize SQLE mRNA, increase cholesterol synthesis, activate PI3K/Akt signal transduction, and regulate cholesterol synthesis and stemness properties of BCSCs. Arrows indicate activation and blunted lines indicate inhibition.





Quaking (QKI)

QKI belongs to the RBP of signal transduction and activation RNA (STAR) family (63). It was firstly found in and important for the central and peripheral nervous systems. Human QKI gene expresses three main alternative splicing transcripts, namely QKI-5, QKI-6 and QKI-7, among which QKI-5 is the only subtype located in the nucleus, while QKI-6 and QKI-7 are distributed in the cytoplasm (64). QKI specifically binds to cis elements in 3’UTR (65), and regulates precursor RNA (pre-mRNA) processing, mRNA output, mRNA stability, and protein translation of target genes (66–69). Increasing evidence showed that QKI may be a tumor suppressor in various malignant tumors, including colon cancer, lung cancer, oral cancer, and prostate cancer (70–73), for example, QKI impairs the self-renewal and EMT of oral squamous cell carcinoma cells (70–73); QKI can also regulate cell communication and inhibit the progression of clear cell renal cell carcinoma (74). Notably, QKI mRNA and protein are downregulated in breast cancer and decreased QKI expression was significantly associated with ER, PR, and HER2 positive, non-basal-like breast carcinoma and non-triple-negative breast cancer. Meanwhile, QKI expression is positively correlated with the survival of patients, suggesting the prognostic value of QKI in breast cancer patients (12).

Cao et al. (12) have shown that the decreased expression or activity of RASA1 can activate MAPK signaling pathway by reducing the GTPase activity of Ras protein, thereby increasing cell proliferation, inhibiting apoptosis and regulate cell cycle distribution; QKI can directly bind to RASA1 mRNA and enhance RASA1 expression by stabilizing its transcripts, through which QKI overexpression weakens the phosphorylation of MAPK signaling pathway, thereby inhibiting the activation of MAPK pathway and breast cancer progression. In addition, Forkhead box O1 (FoxO1) is a key tumor suppressor for cell proliferation, which can control cell cycle and apoptosis and dysregulation of FoxO1 expression has been observed in various cancers (13). QKI may cause dysgenesis of FoxO1 through post-transcriptional inhibition, and lead to the occurrence and progression of breast cancer, which is characterized by that QKI can directly bind to the 3’UTR of FoxO1 and reduce its mRNA stability, this effect is critical for breast cancer occurrence and progression (13).

Furthermore, QKI can bind to ncRNAs to modulate breast cancer progression, like Chen et al. (75) demonstrated that QKI could interact with lncRNA ST8SIA6-AS1, to promote proliferation, migration, and invasion of breast cancer cells. And Hu et al. (14) showed that lncRNA TPT1-AS1 may act as a ceRNA of miR-330-3p to upregulate QKI expression, thereby inhibiting the proliferation, migration, and invasion of breast cancer cells. Notably, Gu et al. (76) carried out immunohistochemical evaluation (IHC) of QKI protein expression and prognostic value of 108 patients with breast cancer. The obtained results showed that QKI expression predicted a better prognostic value in BC patients, and the correlation between QKI and EMT was verified in the coexpression analysis of METABRIC datasets (Figure 4).




Figure 4 | The regulatory mechanism of QKI in breast cancer. QKI can directly combine with RASA1 mRNA to enhance its expression and reduce the phosphorylation of MAPK signaling pathway, thus inhibiting the activation of MAPK pathway and proliferation of breast cancer cells. QKI can directly bind to 3’UTR of FoxO1, reduce its mRNA stability, and regulate cell cycle and apoptosis. LncRNA TPT1-AS1 can act as a ceRNA of miR-330-3p to up regulate QKI expression, thus inhibiting the proliferation, migration, and invasion of breast cancer cells. Arrows indicate activation and blunted lines indicate inhibition.





Hu-antigen R (HuR)

HuR, also known as embryonic lethal abnormal visual protein 1 (ELAVL1), is a

widely expressed post-transcriptional regulatory factor. Although HuR is mainly located in the nucleus, its function of stabilizing and regulating target mRNA translation is tightly related to its translocation to the cytoplasm (77). HuR preferentially binds to mRNA with adenine and uridine rich elements (ARE) or uridine rich sequences, usually locating in 3’UTR (78, 79). ARE is a specific cis element of mRNA, which can target mRNAs for rapid exosomal degradation (80).

HuR has been reported to interact with the mRNA 3’UTR of transcription factor Snail, metallopeptidase MMP-9 (15), and serine protease uPAR (16), among which Snail can induce EMT, while MMP-9 and uPAR are involved in extracellular matrix (ECM) degradation. Therefore, HuR is thought to promote invasion and metastasis by increasing the expression of proteins that induce EMT and degrade ECM. In consistent, inhibition of HuR using the small molecule inhibitor KH-3, can inhibit the invasion of breast cancer cells by destroying the HuR-FOXQ1 mRNA interaction (17). Additionally, Yang et al. (18) proved that HuR protein may be a useful target for the screening of anti-tumor angiogenesis drugs, as they found that a compound ZM-32 could effectively prevent the formation of HuR RRM1/2–VEGFA mRNA complex, thus suppressing the proliferation, migration, growth, and angiogenesis of breast cancer cells. Zhu et al. (19) also revealed the HuR-dependent anti-angiogenic effect of eltrombopag in breast cancer, and further emphasized the effectiveness of HuR inhibitors on tumor inhibition, especially angiogenesis.

Cyclin dependent kinase (CDK) plays a key role in regulating the process of cell cycle. In human cancers, including breast cancer, hepatocellular carcinoma and lymphoma, a series of upstream regulatory factors and downstream substrates of CDK participate in abnormal CDK-related signal transduction (20). HuR can directly bind to and regulate the expression of CDK3 mRNA, thereby promoting the progression of breast cancer (21). In addition, HuR and CDK3 expression levels were positively correlated and significantly up-regulated in breast cancer samples (21). Furthermore, Wang et al. (22) revealed that docetaxel (DTX) induces apoptosis of MCF-7 cells through the SIDT2/NOX4/JNK/HuR axis-mediated TNF-α expression. Notably, HuR can also bind to ncRNA in breast cancer, like Wu et al. (23) determined that HuR could bind to lncRNA AGAP2-AS1 to stabilize AGAP2-AS1 expression and the AGAP2-AS1-HuR complex upregulates H3K27ac level in MTA1 promoter region to improve MTA1 promoter activity and expression, thereby inducing the resistance breast cancer cells to apoptosis (Figure 5). Wu et al. (17) studied 140 samples of patients with breast cancer and found that high cytoplasmic HuR was significantly correlated with high tumor grade, low overall survival and distant disease-free survival. In addition, in the sample, 63.6% of patients with metastasis have high cytoplasmic HuR, indicating that patients with high levels of cytoplasmic HuR have a higher risk of metastasis (Table 2).




Figure 5 | The regulatory mechanism of HuR in breast cancer. HuR interacts with 3’UTR of Snail, MMP-9 and uPAR, regulates EMT and EMC, and promotes invasion and metastasis. HuR interacts with FOXQ1 mRNA to inhibit the invasion of breast cancer cells. HuR can form a complex with RRM1/2–VEGFA mRNA to promote tumor growth and angiogenesis. Hur can bind to lncRNA AGAP2-AS1 to stabilize AGAP2-AS1 expression. AGAP2-AS1-HuR complex up regulates H3K27ac level in MTA1 promoter region to increase MTA1 promoter activity and MTA1 expression, thus enhancing resistance to apoptosis. Arrows indicate activation and blunted lines indicate inhibition.



Based on the critical roles of HuR in cancer cells, a variety of methods have been developed to inhibit HuR, including inhibiting HuR/mRNA interaction, HuR dimerization/polymerization, HuR nuclear/cytoplasmic shuttle, and HuR expression (81). Meanwhile, some inhibitors of HuR were identified, including MS-444, which can block HuR dimerization and nuclear/cytoplasmic shuttle (82); CMLD2, dihydrotanshinone-I (DHTs) and suramin can regulate the interaction of HuR/mRNA (83–85); Okicenone, trichostatin, 5-aza-2’-deoxycytidine (AZA) can also be used as inhibitors of HuR shuttle (82, 86). Recently, based on the fact that the function of HuR in cancer cells depends on its dimerization and its nuclear/cytoplasmic shuttle, Natalia et al. (81) identified a new kind of HuR polymerization inhibitor SRI-42127, which can inhibit the formation of HuR polymers in glioblastoma exotoxin (PDGx) from primary patients, resulting in proliferation arrest, induction of apoptosis and inhibition of colony formation.



LIN28

LIN28, a highly conserved RBP, has two homologues LIN28A/B in mammals (87) and expressed in various human epithelial tumors, such as lung cancer (88), ovarian cancer (89), hepatocellular carcinoma (90), and colorectal cancer (91). LIN28 is a member of a reprogramming factor that interacts with KLF4, SOX2, and NANOG to induce pluripotency in adult fibroblasts (91). LIN28 can block the production of let-7 miRNA and subsequently disinhibit let-7 miRNA target genes (RAS, myc and HMGA2), which plays an important role in CSC maintenance (92). In consistent, LIN28 is highly enriched in BCSC population and plays an important role in maintaining CSC characteristics (92). Notably, let-7 miRNA family has been identified as a downstream target of LIN28 to inhibit let-7 maturation. The blocking of let-7 biogenesis and subsequent dis-inhibition of let-7 target genes by LIN28 has been proved to be the potential mechanism contributing to LIN28-induced cancer progression and metastasis (93). All let-7 family members are regulated by LIN28 via blocking its processing into mature miRNA, conversely LIN28 is also down-regulated by let-7, forming a regulatory-loop (94).

Additionally, abnormal expression of LIN28 and let-7 promotes aerobic glycolysis or Warburg effect in cancer cells (95). Carbonic anhydrase IX (CAIX) is a hypoxia induced transmembrane protein that catalyzes the reversible hydration of carbon dioxide to bicarbonate ions and protons (25). It contributes to the neutralization of intracellular pH, plays a vital role in maintaining favorable intracellular pH (PHI), provides selective advantages for cancer cells and promotes cancer progression (26). In hypoxia breast cancer cell lines, inhibition of CAIX affects let-7/LIN28 axis, thereby affecting the related metabolic pathways and stem cell reprogramming (27). Vasodilator stimulated phosphoprotein (VASP) is an important cytoskeleton related protein belonging to Ena/VASP protein family (28). VASP is a key target protein that regulates the migration of various tumor cells and upregulated in breast cancer tissues and cells (29). VASP silencing inhibits the invasion of breast cancer MDA-MB-231 cells, and miR-638 can inhibit the expression of VASP (29). LIN28 can also regulate the processing of miR-638, thus inhibiting its maturation and promoting VASP expression, while CREB1, as a transcription factor, binds to the promoter of LIN28 gene and activates the LIN28/miR-638/VASP pathway, which promotes the proliferation and migration of breast cancer cells. Xu et al. (30) collected data from 291 patients with breast cancer, in which the expression level of LIN28 was evaluated by immunohistochemical staining. The found that the positive expression of LIN28 is related to lymph node metastasis, HER-2, estrogen receptor and progesterone receptor, and Kaplan-Meier analysis showed that the overall survival rate of LIN28 positive patients was lower than that of LIN28 negative patients. These data suggest that the expression of LIN28 is related to the stage and subtype of advanced disease in patients with breast cancer, and the expression of LIN28 may be an independent prognostic factor (Table 2).

Notably, LIN28 can also act as a transcription or translation regulator independent of let-7 (31). LIN28 recruit RNA binding protein Musashi-2 (MSI-2) by LIN28 CSD domain and MSI2 RRM domain, which directly induces the mRNA decay of YAP1 upstream kinase and negatively regulates Hippo pathway, resulting in the activation of YAP1, enhancing CSC like characteristics, tumorigenesis and metastasis in TNBC cells (32).

Based on the let-7/LIN28 axis, researchers have found a series of inhibitors of LIN28, such as tetrahydroquinoline (THQ) -containing Povarov scaffolds. By changing the substituents of 2-Benzoic acid, fused rings at positions 3 and 4, and the substituents of phenyl part of tetrahydroquinoline core, the structure of THQ molecule has been optimized, which can be used as inhibitors to destroy the protein-RNA interaction of LIN28-let-7 (96). Trisubstituted pyrrolidone can also act as a small molecule inhibitor to destroy the protein-RNA interaction between Lin28 and let-7 (97). In addition, C1632 is a small molecule inhibitor of LIN28, which can increase let-7 level, reduce PD-L1 and inhibit a variety of cell growth (97). Furthermore, the inhibitor TPEN can make the zinc finger domain of LIN28 unstable (98) (Figure 6).




Figure 6 | The regulatory mechanism of LIN28 in breast cancer. LIN28 can block the production of let-7 miRNA and disinhibit the target genes of let-7 miRNA (RAS, MYC and HMGA2), thus promoting the migration of breast cancer cells. Inhibition of CAIX will affect let-7/LIN28 axis and related metabolic pathways. CREB1 binds to the promoter of LIN28, activates LIN28/miR-638/VASP pathway, and promotes the proliferation and migration of breast cancer cells. LIN28 can recruit MSI2, directly induce the mRNA decay of upstream kinase of YAP1, and negatively regulate Hippo pathway, leading to the activation of YAP1, thus enhancing CSC like characteristics, tumorigenesis and metastasis in TNBC cells. Arrows indicate activation and blunted lines indicate inhibition.





SAM68

SAM68, also known as KHDRBS1, belongs to the RBP of the STAR family. It acts as a downstream target of Src family kinases in cell cycle, transcriptional regulation, cell survival and apoptosis (99). SAM68 is engaged in the progression of numerous cancers, such as MLL fusion induced leukemia (100), prostate cancer (101), breast cancer (2, 33), colon (102), and renal tumor (34).

Yannick et al. (35) revealed that SAM68 forms a CBP-SAM68 complex in CSC, which compromises histone acetylation of known β-catenin target genes to reduce the self-renewal and induce differentiation in CSC. SAM68 can be recruited into insulin and leptin signaling pathways to mediate its effects on the survival, growth, and proliferation of different cell types. In human breast cancer cell lines MCF7, MDA-MB-231 and BT-474, the number and expression of SAM68 protein was increased under leptin or insulin stimulation, and insulin and leptin can stimulate SAM68 tyrosine phosphorylation (36). Leptin and insulin have been proven to activate MAPK and PI3K signaling pathways in cancer to promote proliferation, cell survival and cell growth (37, 38). Therefore, SAM68 not only mediates cell metabolism stimulated by insulin and leptin, but also participates in leptin- and insulin-dependent activation of MAPK and PI3K signaling pathways in breast cancer cells (36). Additionally, knockdown of endogenous SAM68 can inhibit cell proliferation and tumorigenicity of breast cancer cells by blocking G1 phase transition to S phase, which is related to upregulation of cyclin dependent kinase inhibitor p21 Cip1 and p27 Kip1, enhanced transactivation of FOXO factor and decreased Akt/GSK-3β signal transduction (2). Notably, Alice et al. (103) showed that all molecular subtypes of breast cancer contain a subset of anti-therapeutic cells, which express high levels of Myc, Sam68 and Rad51, effectively inhibit cell survival. Analysis of a group of breast cancer patients showed that Sam68 was an independent negative factor associated with disease progression. Rad51 targeting significantly reduced the activity of Sam68-silenced breast cancer sphere cells (BCSphCs), and SAM68 is necessary as a coactivator of PARP and a synthetic lethal partner of Rad51 (103). This Sam68-PARP axis can play an important role in controlling the resistance of ER+ cells to endocrine therapy (Figure 7).




Figure 7 | The regulatory mechanism of SAM68 in breast cancer. Insulin and leptin stimulation can promote SAM68 tyrosine phosphorylation, activate MAPK and PI3K signaling pathways in cancer, and promote cell proliferation and survival. SAM68 can form CBP-SAM68 complex in CSC, reduces CSC self-renewal and induces differentiation. Knockdown of endogenous SAM68 can inhibit cell proliferation and tumorigenicity of breast cancer cells by blocking G1 phase transition to S phase.





Musashi (MSI)

The MSI RNA binding protein family, including two homologues Musashi-1 (MSI-1) and MSI-2, usually regulates mRNA translation and engages in tumorigenesis (104). There are two ribonucleoprotein like RNA-binding domains (RBD) in MSI protein, namely RBD1 and RBD2, which bind single stranded RNA motifs with a central UAG trinucleotide with high affinity and specificity (39). Increasing evidences indicated that MSI protein modulates the initiation and progression of various cancer cells, including lung cancer, colorectal cancer, leukemia, glioblastoma, pancreatic cancer, as well as breast cancer (39).

MSI-1, as a prognostic marker in breast cancer, has been identified as a key participant in a variety of malignancies (40). The researchers analyzed the prognostic correlation of MSI-1 with multiple survival results and found that MSI-1 is a negative prognostic marker for disease-free and distant metastasis free survival of breast cancer (40). Expression of specific breast cancer stem cells (BCSCs) is seen in aggressive tumors and MSI-1 has been shown to be one of the BCSC-related genes (41). The authors also found that silencing MSI-1 results in down-regulation of stem cell gene expression and up-regulation of cell cycle and apoptosis regulator p21 (40). Additionally, MSI-1 could also promote Notch signaling, which is a critical signaling pathway to maintain stem cell state, by binding to the mRNA of Numb, the negative regulator of Notch signaling (42). Notably, MSI-1 can downregulate the 26S proteasome by binding to the mRNA of NF-YA, the transcriptional factor regulating 26S proteasome subunit expression, thus providing an additional route by which the degradation of Notch-ICD is prevented and Notch signaling is sustained in BCSCs (43). Furthermore, loss of MSI-1 expression resulted in decreased proliferation and treatment resistance of breast cancer cells and increased apoptosis by competitively binding to tachykinin (TAC1) mRNA with miR-130a and miR-206 to stabilize and increase its translation (44).

MSI2 is related to tumorigenesis and tumor progression of some human cancers. It is also reported that MSI2 can also inhibit the progress of EMT in breast cancer, and the low expression of MSI2 is related to the poor prognosis of breast cancer patients (45). Li et al. (46) investigated the expression and phenotypic function of two major alternative splicing MSI2 isoforms (MSI2a and MSI2b) and showed that MSI2 expression was significantly down regulated in TNBC tissues compared with normal tissues, in which MSI2a is the predominant functional isoform of MSI2 proteins in TNBC, as evident by the fact that overexpression of MSI2a inhibits TNBC cell invasion and extracellular signal regulated kinase 1/2 (ERK1/2) activity in vitro and in vivo. In addition, MSI2 directly regulates estrogen receptor 1 (ESR1) expression, which is a well-known therapeutic target, by binding to the specific sites in ESR1 RNA and increasing the stability of ESR1 protein, thus affecting the growth of breast cancer cells (47) (Figure 8; Table 2).




Figure 8 | The regulatory mechanism of MSI in breast cancer. Silencing MSI-1 results in down-regulation of stem cell gene expression and up-regulation of cell cycle and apoptosis regulator p21. MSI1 competes with miR130a and -206 for interaction with TAC1 mRNA to stabilize and increase its translation and increase tumor growth. MSI-1 can promote Notch signal by binding to the mRNA of the negative regulator of Notch signal, numb, and can also down regulate 26S proteasome by binding to the mRNA of NF-YA to prevent the degradation of Notch ICD. MSI2 can inhibit EMT progression in breast cancer, and MSI2a expression inhibits TNBC invasion by stabilizing TP53INP1 mRNA and inhibiting ERK1/2 activity. MSI2 directly regulates ESR1 and affects the growth of breast cancer cells.





Conclusion

A large amount of evidence shows that the imbalance of RBPs occurs in various cancer types and affects every step of cancer development. With the progress of science and technology, new RBPs are constantly being reported, and the functions of RBPs will be enriched. Currently, the differential expression of many RBPs has been reported in breast cancer, which means that RBPs may become a new marker for tumor diagnosis and prognosis in the future. Meanwhile, inhibitors and compounds targeting the interaction between RBPs and target proteins are also emerging. As described in this review, small molecule inhibitor KH-3 and compound ZM-32 can inhibit the interaction between HuR and downstream mRNA, thus inhibiting the progression of breast cancer. Taken together, this review lists the roles of several RBPs and their target genes in the proliferation, cycle, apoptosis, migration and invasion of breast cancer cells. There are still few articles related to drug resistance, which can become a new research direction, and the complex regulatory network of RBP has not been fully understood. We need to have a more comprehensive understanding of the role of RBPs in breast cancer, which is expected to become a target for breast cancer therapy in the near future.
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Background

Studies comparing mental disorder risks between women with breast cancer and cervical cancer are lacking. This study compared risks of developing anxiety and depression between women with breast cancer (BC cohort) and women with cervical cancer (CC cohort) using insurance claims data of Taiwan.



Methods

From the 2000 to 2016 data, we identified a BC cohort and BC controls (N = 96,862) and a CC cohort and CC controls (N = 26,703), matched by propensity scores. Incident mental disorders and the Cox method estimated the related cancer cohort to control cohort hazard ratios (HRs), and 95% confidence intervals (CIs) were estimated by the end of 2016.



Results

Compared to the CC cohort, the BC cohort had slightly higher incident anxiety (15.9 versus 15.5 per 1,000 person-years) and depression (6.92 vs. 6.28 per 1,000 person-years). These mental disorders were higher in respective cancer cohorts than controls. The BC cohort to BC control adjusted HRs of anxiety and depression were 1.29 (95% CI = 1.25–1.33) and 1.78 (95% CI = 1.69–1.87), respectively. The corresponding adjusted HRs for the CC cohort were 1.12 (95% CI = 1.06–1.18) and 1.29 (95% CI = 1.18–1.41). The combined incidence rates of both disorders were 1.4-fold greater in the BC cohort than in BC controls (22.8 vs. 15.8 per 1,000 person-years), and 1.2-fold greater in the CC cohort than in the CC controls (21.7 vs. 18.3 per 1,000 person-years).



Conclusion

Women with breast cancer or cervical cancer are at an elevated likelihood of developing anxiety and depression disorders. These incident disorders are slightly higher in those with breast cancer.





Keywords: anxiety, breast cancer, cervical cancer, depression, retrospective cohort study



Introduction

Patients with anxiety and/or depression are in depressed mood and at aversion to social activity (1, 2). With more than 264 million people of all ages being affected, depression has become an important burden in medical care and public health worldwide (3, 4). These disorders can also lead to subsequent health disorders and shortened life expectancy (4). Depression and anxiety may result from biological or psychological factors with a complex interaction of socioeconomic factors. People who have health ailments or gone through adverse life events are at an elevated risk to develop anxiety and depression. In fact, depressed mood is frequently developed as a reaction to a catastrophic disorder perceived to threaten the life and wellbeing, such as in patients with cancer (5–10). Patients may suffer from cancer treatment side effects, chronic pain, self-esteem and body image, changes in quality of life and family life, and fears of recurrence, subsequent disorders, and death (11–15). Anxiety, depression, and other mood disorders are thus prevalent in cancer patients (6–8, 16–18).

Breast cancer and cervical cancer rank as the first and fourth common female cancers, respectively, with disparities in incidence and mortality worldwide (19, 20). Breast cancer is more prevalent in women in Western countries than in women in developing counties (19), whereas nearly 90% of women with cervical cancer were identified in low-income and middle-income populations (20). The breast and cervix represent the image of appearance and femininity of women. Treatments for cancer can have a negative impact on their self-image. Women with breast cancer and cervical cancer are at a high risk to be dissatisfied by changes in body image during and after the treatment procedure. Patients may also suffer from changes of sexual function and fertility, which can lead to not only sexual disfunction but also psychological adaptation (21, 22). Concurrent treatments for both cancers have been highly effective. However, survival rates have large differences internationally (23). The breast cancer survival may range from 40% in South Africa to 90% or higher in high-income countries (24). The gap of survival rates was even greater for cervical cancer, ranging from 50% to 70% (25). The 5-year survival rates also vary by the stage of the disease at diagnosis and sociodemographic status of patients. The racial disparity of survival rates was greater for cervical cancer than for breast cancer (59.8%–73.7% versus 82.2%–91.5%) in 2011–2017 in the US (26). The psychological adaptation may differ between women with breast cancer and women with cervical cancer and is associated with the disparities. Anxiety, depression, and other mood disorders developed in women with breast cancer and cervical cancer may vary by prevalence and survival among populations.

A systemic review based on seven studies found that the depression could last for years after treatment in women with CC (27). A German study interviewed a nationwide random sample of 2,141 patients with cancer and found that patients with breast cancer had the highest prevalence of mental disorder. A systematic review based on 17 studies found that the prevalence rates of anxiety ranged from 17.9% to 33.3% and of depression from 9.4% to 66.1% in breast cancer survivors (9). Studies have also associated depression with elevated cancer mortality (10).

Studies comparing the psychological adaptation between women with breast cancer and women with cervical cancer are in demand for Asian women. Cervical cancer and breast cancer ranked earlier as the first and second most common female cancers in Taiwan, with age-adjusted incidence rates of 26.27 and 20.95 per 100,000 in 1988–1993, respectively (28). Breast cancer overtook cervical cancer in 1993–1997 with incidence rates of 28.99 versus 26.82 per 100,000, respectively. The incidence gap between the two cancers increased consistently, shifting to 71.91 and 8.72 per 100,000, respectively, in 2013–2016, with cervical cancer ranking the eighth common female cancer. We suspected that the risk of developing mental disorders might be greater in women with breast cancer than women with cervical cancer, although the 5-year survival rate for breast cancer was greater than that for cervical cancer (86.8% versus 72.5%) (29). Thus, the purpose of this study was to compare the risk of developing anxiety and depression between women with breast cancer and women with cervical cancer using the insurance claims data of Taiwan.



Methods and materials


Data source

We used insurance claims databases and cancer registry databases from 1996 to 2016 available at the Health and Welfare Data Science Center, Ministry of Health and Welfare of Taiwan. The insurance claims data consisted of information on demographic status of insured population, longitudinal medical records of outpatient and inpatient cares, including treatments and medications provided, and costs of cares. More than 99% of residents in Taiwan have been covered in this compulsory single-payer healthcare program (30). Diseases were coded with International Classification of Diseases, Clinical Modification Ninth Revision, (ICD-9-CM), before 2016 and Tenth Revision (ICD-10-CM) since 2016. All identifications of all three data sets had been changed into the same surrogate numbers before the databases were released to users. This study was approved by the Ethical Research Committee at China Medical University and Hospital (H107257). Because personal identifications in the data files had been scrambled to protect privacy, patient consents were waived.



Study design

From claims data with healthcare records in the period of 2000–2016, all women aged 18 and above were identified to establish 2 pairs of cancer cohorts and control cohorts. After excluding women with cancer history and mental disorders diagnosed before 2000, we identified 96,862 women with breast cancer and 26,703 women with cervical cancer as the breast cancer cohort (BC cohort) and the cervical cancer cohort (CC cohort), respectively (Figure 1). The date with the cancer diagnosed was defined as the index date. Among 7,250,914 women without the history of cancer and mental disorders, we randomly selected 96,862 women as the BC cohort’s controls (BC controls) and 26,703 women as the CC cohort’s controls (CC controls), matched by the propensity score. Multivariable logistic regression estimated the propensity score for each woman with variables of age, income, urbanization level of residential areas, diagnosis year, and Charlson comorbidity index (CCI). We estimated the CCI with the sum of weighted values of comorbidities: one point was scored for myocardial infarction, congestive heart failure, peripheral vascular disease, cerebrovascular disease, dementia, chronic pulmonary disease, connective tissue disease, ulcer disease, mild liver disease, and diabetes; two points for hemiplegia, moderate or severe renal disease, diabetes with end organ damage, leukemia, and lymphoma; three points for moderate or severe liver disease; and six points for AIDS (31).




Figure 1 | Flowchart for establishing study cohorts.





Outcome

From the databases, we identified mental health disorders of anxiety (ICD-9: 300.0; ICD-10-CM: 110 F40 and F41) and depression: ICD-9-CM: 296.0-296.8, 300.4, and 311.X; ICD-10-CM: F32.9, F30-F33, F34.8-F34.9, and F39), which appeared in the outpatient records for at least twice or in the inpatient records for at least once. Follow-up time in person-years was calculated for each woman from the index date until the mental health disorder diagnosis, withdrawal from the insurance, death, or the end of 2016.



Data analysis

This study used SAS Software 9.4 in Windows (SAS Institute, Cary, NC, USA) to analyze data, and 118 used P < 0.05 to indicate the significance level in comparisons. Data analysis first compared the baseline distributions, between the BC cohort and BC controls, and between the CC cohort and CC controls, including age, occupation, income, urbanization level of residential area, and CCI. The standardized mean difference of each variable between each pair of cancer cohort and control cohort was calculated to indicate the significance level. The Kaplan–Meier method was used to estimate the combined cumulative incident anxiety and depression between each pair of the cancer cohort and the control cohort. Differences were examined by the log-rank test. R software (R Foundation for Statistical Computing, Vienna, Austria) was used to plot the cumulative incidence. We calculated the incidence number and rate of each type of mental disorder for each cohort (Table 2). Cox proportional hazard regression analysis was used to calculate the cancer cohort to the control cohort aHR of each type of disorder. Adjustment was performed by the matched pair. The BC cohort to the CC cohort aHRs was also calculated for the two types of disorder, controlling for age, occupation, income, urbanization, and CCI score. Incidence rates of anxiety and depression (per 1,000 person-years) were then pooled as the overall rate calculated for each cohort by the baseline variables. Cox proportional hazard regression analysis was also used to calculate the cancer cohort to the control cohort adjusted hazard ratios (aHRs) and 95% confidence intervals (CI) by these variables. Adjustment was performed by the matched pair.




Results

Table 1 shows that distributions of all baseline variables were not different between the BC cohort and BC controls and between the CC cohort and CC controls. The cancer cohort was slightly older than their controls in both pairs (mean ages 52.3 versus 51.7 years for the BC pair and 56.6 versus 56.1 for the CC pair). Nearly 30% of women in the CC pairs and 15% of women in the BC pairs were the elderly. Compared to the BC cohort, women in the CC cohort had less white-collar jobs (18% versus 32%) with more lower incomes (52% versus 36%), living in less urbanized areas (52% versus 40%) and having a higher portion of women with a CCI score of 1 and above (14.0% versus 9.20%).


Table 1 | Distributions of baseline characteristics compared between breast cancer cohort and BC control cohort and between cervical cancer cohort and CC control cohort.



Figure 2 shows that after the 17-year follow-up, the cumulative incidence of the two mental disorders combined in the BC cohort was approximately 3.9% higher than the BC control cohort (23.9% versus 20.0%) (log-rank test p < 0.0001), and that in the CC cohort was about 2.2% higher than in the CC control cohort (24.7% versus 22.5%) (log-rank test p < 0.0001).




Figure 2 | Cumulative incident anxiety and depression combined among study cohorts.



Table 2 shows that the incidence of anxiety was higher than that of depression in each cohort. The incidence of anxiety was 1.3-fold higher in the BC cohort than in the BC controls (15.9 versus 12.0 per 1,000 person-years) with an aHR of 1.29 (95% CI = 1.25–1.33). The incidence of depression was 1.8-fold higher in the BC cohort than in the BC controls (6.92 versus 3.77 per 1,000 person-years) with an aHR of 1.78 (95% CI = 1.69–1.87). The incidence rates of both anxiety and depression were slightly lower in the CC cohort than in the BC cohort, whereas these incidence rates were slightly higher in the CC controls than in the BC controls. The CC cohort to CC control aHRs for these two disorders were 1.12 (95% CI = 1.06–1.18) and 1.29 (95% CI = 1.18–1.41), respectively. Compared to the CC cohort, the incidence rates of both anxiety and depression were slightly higher in the BC cohort, but significant for depression (aHR = 1.09, 95% CI = 1.01–1.17) not for anxiety (aHR = 1.04, 95% CI 158 = 0.99–1.09) (Table 3).


Table 2 | Incidence rates of anxiety and depression and cancer cohort to comparisons hazard ratio.




Table 3 | Breast cancer cohort to cervical cancer cohort adjusted hazard ratio of mental disorder by type.



During the study period, the overall incidence of anxiety and depression was nearly 1.44-fold higher in breast cancer women than in the comparisons (22.8 versus 15.8 per 1,000 person-years, or 12,534 versus 10,005 cases), with an aHR of 1.40 (95% CI = 1.37–1.44) (Table 4). The incidence increased with age in both cohorts and peaked in the 65–74-year age, whereas the BC cohort to BC control cohort aHRs decreased with age, from 1.91 at 18–39 years of age to 1.15 in 65–74 years of age. The incidence decreased with income in both cohorts, whereas the HR for the BC cohort increased with income to 1.51 for those with higher incomes. Comorbidity had no contribution to the risk for the BC cohort but contributed an increased incidence for BC controls from 15.6 per 1,000 person-years in those without comorbidity to 20.7 per 1,000 person-years in those with comorbidity. The increased hazard remained significant for the BC cohort.


Table 4 | Combined incidence of anxiety and depression and breast cancer cohort to comparison cohort adjusted hazard ratio by age, occupation, income, urbanization, and Charlson comorbidity index score.



The overall combined incidence of anxiety and depression was near 1.2-fold higher in the CC cohort than in the comparisons (21.7 versus 18.3 per 1,000 person-years), with an aHR of 1.17 (95% CI =1.11-1.22) (Table 5). The incidence increased with age in both cohorts, whereas the aHR decreased with age from 1.63 (95% CI = 1.39-1.89) at 18-39 years-old to 1.07 (95% CI = 0.96-1.19) in those aged 65-74. The comorbidity associated incidence was higher in the CC cohort than in controls (24.3 versus 21.7 per 1,000 person-years), with an aHR of 1.12 (95% CI = 0.96-1.29) for CC patients, which was not significant.


Table 5 | Combined incidence of anxiety and depression and cervical cancer cohort to comparison cohort adjusted cohort hazard ratio by age, occupation, income, urbanization, and Charlson comorbidity index score.





Discussion

Mental disorder as the consequence of reaction to a catastrophic disorder may vary by type and severity of the disorder, sociodemographic variation, and stage of disorder diagnosed (8, 9, 32, 33). A population study using Japanese medical claims data evaluating mental disorders in women found that 16.9% breast cancer patients and 2.7% cervical cancer patients developed major depressive disorder (MDD) after being diagnosed with the cancers. This contrast indicates that the risk of developing the mood disorder was greater for Japanese women with breast cancer than for those with cervical cancer (33). Disorders of anxiety and depression may go hand in hand associated with the risk and severity of diseases. An anxiety disorder may trigger the occurrence of depression with a strong association with the risk level of disease. In our propensity score-matched cohort study, proportions of patients with depression developed were similar in both BC cohort and CC cohort (3.9%), and anxiety developed was slightly lower in the BC cohort than in the CC cohort (9.0 versus 9.7%). The data showed similar absolute risks of developing these mental disorders in women with BC and in women with CC, although the sample size of the BC cohort was 3.6-fold greater than that of the CC cohort, demonstrating that women in Taiwan are at a higher risk of developing BC than developing CC. The HR of developing anxiety was slightly greater for women with breast cancer than for those with cervical cancer, but not significant, featuring that both types of cancer could trigger anxiety at a similar level. The HR of developing depression was also slightly greater for women with breast cancer than with cervical cancer, but significant, featuring that BC has a slightly stronger impact than CC in triggering depression. This contrast is much slighter than that in Japanese women.

An earlier study using a smaller randomly selected database of insurance claims data of Taiwan found that women with breast cancer had significant incidence rate ratios of 1.94 for MDD and 1.22 for anxiety, relative to controls (34). Another study using a similar database found that women with cervical cancer were prominent for developing depression with an incidence rate ratio of 1.35 (35). These risk estimates are consistent with our findings. The smallish risk variations among these three studies might be associated with databases used.

Our study showed that the occurrence of both depression and anxiety in BC patients and CC patients shared similar risk characteristics associated with age: both incidence rates increased with age, but the HRs were the greatest for patients of the youngest group. The development of psychiatric disorder has been associated with comorbidities. A meta-analysis based on 40 articles showed that patients with multimorbidity could be up to three times more likely depressed than persons without chronic disorders (36). Our data failed to show this relationship in breast cancer patients, but a higher CCI was associated with slightly increased HR of combined incidence of disorders in cervical cancer patients. Comorbidities generally increase with age and are more prevalent in the elderly, explaining that the combined incidence of these two psychiatric disorders increased with age in all our cohorts. However, the subgroup analysis for HRs among age groups showed that, relative to the same age group of the respective control cohort, younger cancer patients had higher HRs than those of older age, indicating that BC or CC is the major risk factor associated with developing psychiatric disorders in younger patients, probably because comorbidities are less prevalent in younger patients than in the elderly. Therefore, the metal disorder reaction to the catastrophic diseases is stronger for younger patients.

Research has shown that social inequalities can contribute to the severity of diseases at which disadvantaged patients might be more likely to experience mood disorders (37–40). An earlier meta-analysis reported that individuals with the lowest socioeconomic position had an odds ratio of 1.81 being depressed relative to those with the highest socioeconomic position (38). The European Health Interview Survey in Spain showed that MDD in women is strongly associated with socioeconomic disadvantage, including those retired and homemakers (39). A recent meta-analysis based on 40 studies in China reported that the lifetime prevalence of MDD was the highest in participants with the lowest education or those living in rural areas (40). Our data also showed that women from disadvantaged backgrounds experienced greater incident rates of anxiety and depression, the highest for women with blue collar jobs or with a lower income in both the BC cohort and the BC controls. In the CC cohort and CC controls, CC patients of unemployed or retired or of low income were at a higher risk, and these patients are more likely older.

This study had the advantage of using a large population-based health insurance data, from which we could perform a robust cohort study design to randomly select controls matched by propensity score. The matching capacity helped minimize potential bias. The large sample sizes allowed multivariate analyses to assess the mental disorder risks associated with the sociodemographic category. There were also some limitations in this study. The claims data provided no information on the cancer stage. We therefore were unable to examine the incidence of mental disorder by the severity of cancers. Information on lifestyle was also unavailable to be included in data analysis. However, the propensity matching design and CCI use in this study could reduce potential bias, in addition to being controlled by occupation, income, and residential area. Furthermore, based on clinical diagnoses in the claims data, cancer patients with mild mental disorder symptoms might not be diagnosed. The risks of anxiety and depression may be underestimated for both cancer cohorts and comparison cohorts.



Conclusion

Our study found that women in Taiwan are at a much higher risk of developing breast cancer than developing cervical cancer. The risks of further developing anxiety and depression are slightly higher in women with breast cancer than in women with cervical cancer, but the risk difference is significant for depression, but not for anxiety. Risks of both disorders increase with age, but relatively the hazards of developing the mental disorders were greater for youngers. Women with a less well-off economic status are also at a relatively elevated risk.
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Breast cancer remains the most diagnosed cancer in women. Advances in medical imaging modalities and technologies have greatly aided in the early detection of breast cancer and the decline of patient mortality rates. However, reading and interpreting breast images remains difficult due to the high heterogeneity of breast tumors and fibro-glandular tissue, which results in lower cancer detection sensitivity and specificity and large inter-reader variability. In order to help overcome these clinical challenges, researchers have made great efforts to develop computer-aided detection and/or diagnosis (CAD) schemes of breast images to provide radiologists with decision-making support tools. Recent rapid advances in high throughput data analysis methods and artificial intelligence (AI) technologies, particularly radiomics and deep learning techniques, have led to an exponential increase in the development of new AI-based models of breast images that cover a broad range of application topics. In this review paper, we focus on reviewing recent advances in better understanding the association between radiomics features and tumor microenvironment and the progress in developing new AI-based quantitative image feature analysis models in three realms of breast cancer: predicting breast cancer risk, the likelihood of tumor malignancy, and tumor response to treatment. The outlook and three major challenges of applying new AI-based models of breast images to clinical practice are also discussed. Through this review we conclude that although developing new AI-based models of breast images has achieved significant progress and promising results, several obstacles to applying these new AI-based models to clinical practice remain. Therefore, more research effort is needed in future studies.
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Introduction

The latest cancer statistics data for the USA estimates that in 2022, 31% of cancer cases detected in women are breast cancer with 43,250 cases resulting in death. This accounts for 15% of total cancer-related deaths (1). Thus, breast cancer remains the most diagnosed cancer among women with the second highest mortality rate. Over the past three decades, population-based breast cancer screening has played an important role in helping detect breast cancer in the early stage and reduce the mortality rate. From 1989 to 2017, the mortality rate of breast cancer dropped 40% which translates to 375,900 breast cancer deaths averted (2). Even though the mortality rate continues to decline, the rate of decline has slowed from 1.9% per year from 1998-2011 to 1.3% per year from 2011-2017 (2). However, the efficacy of population-based breast cancer screening is a controversial topic due to the low cancer prevalence (≤0.3%) in annual breast cancer screening resulting in a low cancer detection yield and high false-positive rate (3). This high false positive rate is indicative of a high rate of unnecessary biopsies which is not only an economic burden but also leads to unnecessary patient anxieties which often result in women being less likely to continue with routine breast cancer screening (4). Conversations pertaining to the benefits and harms of screening mammography as well as its efficacy in decreasing breast cancer mortality as screening exams do not reduce the incidence of advanced/aggressive cancers are now common (5). For example, detection of ductal carcinoma in situ (DCIS) or early invasive cancers that will never progress or be of risk to the patient are occurring at a disproportionately higher rate than aggressive cancers. This is referred to as overdiagnosis and often results in unnecessary treatment that may cause more harm than the cancer itself (6). Thus, improving the efficacy of breast cancer detection and/or diagnosis remains an extremely pressing global health issue (7).

While advances in medical imaging technology and progress towards better understanding the complex biological and chemical nature of breast cancer have greatly contributed to the large decline in breast cancer mortality, breast cancer is a complex and dynamic process, making cancer management a difficult journey with many hurdles along the way. The cancer detection and management pipeline has many steps, including detecting suspicious tumors, diagnosing said tumors as malignant or benign, staging the subtype and histological grade of a cancer, developing an optimal treatment plan, identifying tumor margins for surgical resections, evaluating and predicting response to chemo or radiation therapies, or predicting risk of future occurrence or reoccurrence. In this clinical pipeline, medical imaging plays a crucial role in the decision-making process for each of these tasks. Traditionally, radiologists will rely on qualitative or semi-quantitative information visually extracted from medical images to detect suspicious tumors, predict the likelihood of malignancy, and evaluate cancer prognosis. The clinically relevant information may include enhancement patterns, presence or absence of necrosis or blood, density and size of suspicious tumors, tumor boundary margin spiculation, or location of the suspicious tumor. However, interpreting and integrating information visually detected from medical images to make a final diagnostic decision is not an easy task.

Although mammography is the most frequently employed imaging modality in breast cancer screening, its performance is often unsatisfactory with lower sensitivity (i.e., missing 1 in 8 cancers during interpretation) and very high false positive rates (i.e., <30% of biopsies are malignant) (8). Thus, the downfalls of mammography have led to an increase in the use of other adjunct imaging modalities in clinical practice including ultrasound (US) and dynamic contrast enhanced magnetic resonance imaging (DCE-MRI) (9, 10). Digital breast tomosynthesis (DBT) is a newer modality that is commonly used in which X-ray images are taken over multiple angles in a limited range (i.e., ± 15° and the acquired scanning data is reconstructed into quasi-3D breast images to reduce the impact of dense breast tissue overlap in 2D mammograms (11). Additionally, several other new imaging modalities including contrast enhanced spectral mammography (CESM) (9, 10), phase contrast breast imaging (12), breast computed tomography (13), thermography and electrical impedance tomography of breast imaging (14), and molecular breast imaging (15), have also been investigated and tested in many prospective studies or clinical trials. However, using more imaging modalities for breast cancer detection and diagnosis increases the workload of radiologists in busy clinical practice. Over the last three decades, computer-aided detection and diagnosis (CAD) schemes are being rapidly developed to optimize the busy clinical workflow by assisting radiologists in more accurately and efficiently reading and interpreting multiple images from multiple sources (16, 17).

In the literature, CAD is often differentiated as computer-aided detection (CADe) or computer-aided diagnosis (CADx). The goal of CADe schemes is to reduce observational oversight by drawing the attention of radiologists to suspicious regions in an image. Commercialized CADe schemes of mammograms have been in clinical use since 1998 (18). One study reported that in 2016 CADe was used in about 92% of screening mammograms read in the United States (18, 19). Despite the wide scale clinical adoption, the utility of CADe schemes for breast cancer screening is often questioned (20–22). On the other hand, the goal of computer-aided diagnosis (CADx) schemes is to characterize a suspicious area and assign it to a specific class. US FDA approved the first CADx scheme of breast MR images, QuantX by Qlarity Imaging (Chicago, IL) in 2017 (23). The goal of QuantX is to assist radiologists in deciding if a lesion is malignant or benign by providing a probability estimation of malignancy. This software has yet to be extensively adopted and requires much more clinical testing.

Despite great research efforts and the availability of commercialized CAD tools, the added clinical value of CAD schemes and ML-based prediction models for breast images is limited. Thus, more novel research efforts are needed to explore new approaches (24). While using radiological features from medical images to infer phenotypic information has been done for many years, recent rapid advances in bioinformatics coupled with the advent of high performing computers has led to the field of radiomics. Radiomics involves the computation of quantitative image-based features that can be mined and used to predict clinical outcomes (25). In medical imaging, radiomic techniques are used to extract a large number of features from a set of medical images to quantify and characterize the size, shape, density, heterogeneity, and texture of the targeted tumors (26). Then, a statistics-based feature analysis tool such as Lasso regression or a machine learning (ML) based pipeline is applied to identify small sets of features that are more clinically relevant to the specific application. One method to ensure the extracted features contain some clinical relevance is to segment the tumor region and extract features from there. Despite the relative simplicity of extracting relevant radiomics features, automated tumor segmentation remains a major challenge. Thus, many radiomics-based schemes use manual or semi-automated tumor segmentation. Additionally, recent enthusiasm for deep learning based artificial intelligence (AI) technology has led to new approaches for developing CAD schemes which are being rapidly explored and reported in the literature (27). Several studies have compared CAD schemes using conventional radiomics and deep learning methods to investigate their advantages and limitations (28, 29). Deep learning (DL) based CAD schemes are appealing as majority of such CAD schemes eliminate the need for tedious error prone segmentation steps and no longer need to compute and select optimal radiomic features since deep learning models can extract features directly from the medical images (30). However, despite the challenge of how to achieve high scientific rigor when developing AI-based deep learning models (31), applying AI technology to develop CAD schemes has become the mainstream technique of the CAD research community. Additionally, new AI-based models are being expanded to include broad clinical applications in realms beyond cancer detection and diagnosis, such as prediction of short-term cancer risk and prognosis or clinical outcome.

In order to help researchers better understand state-of-the-art research progress and existing technical challenges, several review articles have recently been published with a variety of goals, such as a review of deep learning (DL) models developed for breast lesion detection, segmentation, and classification (27), radiomics models developed to classify breast lesions and monitor treatment efficacy (32), and how to optimally apply DL models to three commonly used breast imaging modalities (mammograms, ultrasound, and MRI) (33). The focus of this review paper is different from the previously published review articles for the following reasons. First, our paper details the recent advances in both radiomics and DL-based AI technologies to develop new prediction models. Second, this review paper does not review and discuss CADe (lesion detection or segmentation) schemes. It focuses on three more challenged application realms namely, prediction of breast cancer risk, tumor classification (diagnosis) and cancer prognosis (treatment response). Third, to help readers better understand the scientific rationales of applying new AI-based models of medical image to predict breast cancer risk, classify breast lesions, and predict cancer prognosis, this paper reviews recent studies that demonstrate the important relationship between medical image features and the tumor environment (genomic biomarkers), which supports the physiological relevance of radiomics based studies. Last, based on this review process, we are able to summarize several important conclusions that may benefit future research efforts in medical imaging of breast cancer. For this purpose, the rest of this paper is organized as follows. Section two briefly discusses the correlation of extracted medical image features and the tumor environment, followed by section three that surveys recent studies, which detail novel image-based applications of both radiomics and DL-based new AI-supported CAD schemes in three application fields. Lastly, section four discusses and summarizes key points that can be learned or observed from this review paper and future perspectives in developing CAD schemes of breast images.



Relationship between medical image features and tumor environment

A major focus of breast cancer research in the medical imaging field is uncovering the relationships between medical image features and the tumor microenvironment to better predict clinical outcomes (Table 1). Since traditional CAD schemes involve handcrafting a set of features, it is important to understand what kind of descriptors correlate with cancer specific genomic biomarkers, based on radiomic concepts (25), so that optimal and descriptive handcrafted feature sets can be chosen. Additionally, if an image-based marker is widely established as a biomarker for a specific hallmark of cancer such as sustaining proliferative signaling, evading growth suppressors, invasion and metastasis, angiogenesis, or resisting cell death, then monitoring changes in that image-based marker overtime will have high degree of predictive power in many aspects of the cancer management pipeline (32).


Table 1 | Studies of correlating image-based features with tumor physiology.



For example, many studies investigated the correlation between image-based biomarkers and tumor mechanisms of angiogenesis. As tumors grow and metastasize, there is a decrease in the amount of available oxygen due an increase in demand, resulting in a hypoxic environment (33, 48–51). To adapt to the newly hypoxic environment, the tumor will enter an angiogenic state which changes the microvasculature. In this state the tumor will switch on angiogenic growth factors such as vascular endothelial growth factor (VEGF) and fibroblast growth factors (FGF) to stimulate the formation of new capillaries so that oxygen and nutrients can adequately feed the tumor (48). This process is known as angiogenesis, which is a hallmark of most cancers that can be characterized by non-hierarchical, immature, and highly permeable vasculature that looks obviously different from normal vasculature (52). Traditionally, angiogenesis is indirectly quantified as micro-vessel density (MVD) after immunohistochemical staining of tumor tissue. While high MVD has been established as a biomarker of poor prognosis and correlated with increased levels of angiogenesis, quantification of MVD is subject to inter- and intra-reader variability, making MVD a non-reproducible and non-standardized marker (53). Thus, development of a quick and non-invasive biomarker that can differentiate between highly immature angiogenic vasculature and normal vasculature has been a hot research topic over the past decade (48, 54).

DCE-MRI is a non-invasive method to detect and characterize the tumor microenvironment. Specifically, dynamic/kinetic image features computed from DCE-MRI characterize the permeability and perfusion kinetics of the tumor microvasculature which can reflect tumor angiogenesis. Many studies have been conducted to correlate quantitative and semi-quantitative DCE-MRI based kinetic features with MVD to demonstrate the relationship between DCE-MRI and tumor angiogenesis (34–37). Peak signal enhancement ratio (peak SER) and washout fraction (WF) are two semi-quantitative metrics extracted from the contrast enhancement curve that reflect the clearance of a contrast agent from the tumor. These metrics directly relate to a highly angiogenic state as rapid washout will occur with a large number of immature and leaky vessels (35). Extracting quantitative features from DCE-MRI requires a pharmacokinetic analysis which requires at high temporal resolution, often resulting in a poor spatial resolution. Clinical DCE-MRI scans prioritize spatial resolution as opposed to temporal resolution, which makes it difficult to do a fully quantitative analysis of clinical DCE-MRI scans. Most studies that have a goal of quantitative analysis of DCE imaging may not be appropriate for clinical use. However, studies have shown that quantitative DCE-MRI parameters such as, Ktrans and Kep, correlated well with angiogenesis markers and can be used to predict response to treatment or risk of recurrence (34). Physiologically, Kep is a marker of the efflux of contrast agent. High Kep values indicate two observations of tumor microenvironment. The first indicates a strong blood flow with highly permeable vessels which represents existence of an irregular and highly vascularized space associated with tumor angiogenesis. The second indicates the smaller extravascular extracellular space, meaning large quantities of the contrast agent cannot accumulate here; this is expected as there will be an increase in cell density in the tumor environment (38). Technical details pertaining to the extraction of semi-quantitative and fully quantitative kinetic features is beyond the scope of this review, interested readers should explore the following manuscripts for more information (55, 56). While there are many studies exploring the correlations between Ktrans and Kep and cancer prognosis, there are inconsistent conclusions of the biological relevance of these markers which make studies using kinetic DCE-MRI features non-reproducible (39, 40).

Recent studies demonstrated that radiomics features are thought to be more robust and reproducible than kinetic features computed from breast MRI for different prediction tasks (i.e., classification between malignant and benign tumors, prediction of axillary lymph node metastasis, molecular subtypes of breast cancer, tumor response to chemotherapies and overall survival of patients) (57). For example, malignant tumors as see on mammograms are typically irregular in shape with spiculated margins and architectural distortions while benign tumors are typically rounded with well-defined margins (Figure 1) (58–60). Quantification of these features can help train robust ML classifiers to better differentiate between benign and malignant masses. Features that describe the shape of the tumor may include eccentricity, diameter, convex area, orientation, and more. Shape based features may help differentiate between traditionally round benign tumors and spiculated malignant tumors. While shape features are important, breast compression during mammography makes extraction of these features difficult (60). Features can also be extracted to quantify the spiculations of the tumors which will be particularly helpful for detecting malignant breast tumors (45). First order statistical features are basic metrics that describe the distribution of intensities within an image, this includes mean, standard deviation, variance, entropy, uniformity, and others. For example, entropy quantifies the image histogram randomness which can quantify heterogeneity of the image patterns (61). Texture features belong to the biggest group of radiomics features, which are extremely useful for image recognition and image classification tasks (62, 63). Gray-level cooccurrence matrix (GLCM) based features and gray-level run length matrix (GLRLM) based features are two example of common texture features that characterizes the heterogeneity of intensities within a neighborhood of pixels. Quantification of the heterogeneity of tumors is one of the advantages of radiomics-generated imaging markers as heterogeneity is often very difficult for radiologists to visually capture and quantify in clinical practice.




Figure 1 | Examples of benign and malignant masses seen on mammograms. Modified from (58).



While identification of physical or biological reasoning for the correlations between image-based markers and cancer specific traits is lacking, there are some studies that do correlate radiomics based features with cancer specific markers that have been obtained from IHC analysis or genomic assays (35, 41). For example, Xiao et al. assessed the correlation between radiomic based DCE-MRI features with MVD in order to identify angiogenesis in breast cancer using DCE-MRI (35). GLCM and GLRLM derived textural features extracted from 3D segmented tumor regions were found to significantly correlate with MVD, therefore, correlate with angiogenesis levels. GLCM derived features from ROIs represented by the local binary patterns were also shown to be extremely useful for distinguishing malignant and benign masses detected on mammograms (42). Radiogenomics is the field that incorporates radiomics based features with patient specific genomic information. Correlation of the image-based features that characterize cancer through genetic information pertaining to tumor hormone receptors and genetic mutations can be very helpful for predicting risk of cancer recurrence and thus help develop optimal personalized treatment plans. Quantitative MRI-based features of tumor size, shape, and blood flow kinetics have been mapped to cancer specific genomic markers (Figure 2) (43, 44, 64). This is a great step forward in development of non-invasive techniques for understanding cancer on a molecular level.




Figure 2 | Results of mapping radiomic features extracted from DCE-MRI images of breast cancer to genomic markers. (A) Each line represents a statistically significant association between nodes. Each node represents either a genomic feature or radiomic phenotype. The size of the node reflects the number of connections relative to other nodes in its circle. (B) Displays the number of significant associated between the 6 different radiomic categories and the genomic features (43).



Although DCE-MRI is an important imaging modality used to study the tumor microenvironment and predict tumor staging and/or response to therapies, other modalities have also been investigated for this purpose. For example, contrast enhanced spectral mammography (CESM) has been attracting broad clinical research interest as an alternative to DCE-MRI due to its advantages of low cost, high image resolution, and fast imaging acquisition times. Like DCE-MRI, injection of an intravenous contrast agent in CESM imaging allows for the visualization of contrast enhancement patterns which give insight into the vascular arrangement in the breast tissue. One recent paper reviewed 23 studies that investigated CESM and demonstrated that textural features and/or enhancement patterns obtained from CESM can differentiate between malignant and benign breast lesions as benign lesions often display weak and uniform contrast uptake with enhancing wash-out patterns, while malignant lesions tend to display quick decreasing wash-out patterns (65). As a result, many research studies have recently been conducted and published that compare CESM and DCE-MRI. These studies have demonstrated that CESM could achieve quite comparable performance as DCE-MRI in breast tumor diagnosis (i.e., classifying between malignant and benign tumors) (66), staging or characterizing suspicious breast lesions (46, 67), and predicting or evaluating breast tumor response to neoadjuvant therapy (68). Thus, in the last several years, exploring and extracting image features from CESM also attracts research interest in developing new quantitative image markers or CAD schemes in breast cancer research field (69).

In previous studies, radiomics features are often only extracted from the segmented tumor regions, meaning potentially valuable information of the environment surrounding the tumor and background regions is ignored. To overcome this issue and improve the accuracy of prediction models, several studies report the importance of extracting features from the targeted or global breast parenchyma as these regions may also contain important information relating to cancer state (45, 47). While there has been a wide variety of radiomics features extracted from many different locations for different cancer applications, there is no consensus on what features make up an optimal feature set. Deciding what features should be extracted remains dependent on the goal of the individual study.



Applications of AI-based quantitative image analysis and prediction models

Rapid advances in AI technologies have promoted the development of new quantitative image feature analysis-based prediction models in breast cancer research. In addition to the conventional CADe and CADx applications, novel AI-based models have also been expanded to new applications. In this section, we review the development and applications of AI-based prediction models in three applications namely, cancer risk prediction, tumor diagnosis or classification, and cancer prognosis prediction or response to treatment (Tables 2–4). There exists an extremely large number of studies pertaining to AI in breast cancer in the three realms mentioned. We apply the following criteria and steps to select the most relevant studies. The titles and abstracts of potentially relevant papers in the literature database (i.e., PubMed and Google Scholar) were first analyzed for terms related to either breast cancer risk (Table 2), breast cancer diagnosis/classification or computer aided diagnosis of breast cancer (Table 3), and breast cancer treatment response or prognosis prediction (Table 4). Papers were then selected if a ML or a DL method was used for predictive modeling and breast image derived features or breast images were used as model inputs. Thus, all studies also use predominantly imaging data as an input to the model. Studies were omitted if there was no explicit methodology of how the model was trained and tested or if the study lacked novelty. Studies that use solely statistical methods or do not report AUC values to make predictions were also omitted from this review. All papers listed in Tables 2–4 are published in the last 8 years. It should be noted that some studies investigate and report performance values for multiple combinations of features or multiple classifiers, we report only the performance results of the best model.


Table 2 | Studies of developing AI-based image feature analysis models to predict breast cancer risk.




Table 3 | Studies of developing new CADx models to classify between malignant and benign breast tumors.




Table 4 | Studies of developing new AI-based models to predict tumor response to chemotherapy.




Prediction of breast cancer risk

Women at a high risk for developing breast cancer should undergo supplemental screening exams as early detection is necessary to ensure the best prognosis (97). However, the existing risk models are mainly built based on epidemiological studies that integrate risk factors based on groups of sampled women such as: family history, hormonal and reproductive factors, breast density, obesity, smoking history, and alcohol intake, and output a breast cancer risk estimate (98, 99). By reporting odds ratios or relative risks, these risk models typically do not have discriminatory power applying to individual women. Thus, cancer detection yield in currently defined high risk groups of women remains quite low (< 3%) using mammography plus MRI screening (100). Meanwhile, up to 60% of women diagnosed with breast cancer are not considered high risk patients (101). This coupled with the increased attention to establish a new paradigm of personalized breast cancer screening highlights the need for identifying a non-invasive biomarker or developing AI-based prediction models that can better stratify women with high or low risk of developing breast cancer in the short term based on individual testing.

Since previous studies have found that women with dense breast have a higher risk of developing breast cancer (102–106), it then leads that many studies aim to quantify breast density from screening mammograms so that patients can be informed if they have dense breast therefore are at a higher risk. It is the hope that informing women of their breast density and the risks associated with dense breast will encourage supplemental and more frequent screening exams. The American College of Radiology developed the Breast Imaging Reporting and Data System (BI-RADS) to group mammographic density into one of four categories. While BI-RADS has been used extensively, it is often unreliable as the categorization varies between observers. Machine learning and deep learning techniques have been developed that quantify breast density using computerized schemes to make this a more robust metric (107–110). While many studies have shown a correlation between breast density and breast cancer risk (111–113), this metric alone is often not enough to create robust risk assessment models (102, 114). Recent studies indicate that texture-based features may have a higher discriminatory power in stratifying women based on breast cancer risk (107, 115, 116). MRI images from The Cancer Genome Atlas (TCGA) project of the National Cancer Institute (NCI) were used to demonstrate that quantitative radiomic features extracted from breast MRI images can replicate observer-rated breast density based on BI-RADS guideline (117).

In addition to the measured breast density from mammograms, other types of medical images have been explored to develop new imaging markers or AI-based prediction models to predict breast cancer risk in individual women, particularly the short-term risk, which can help better stratify women into different breast cancer screening groups (Table 2). Heidari et al. developed a AI-based prediction scheme to predict the risk of developing breast cancer in the short term (less than 2 years) based on features extracted from negative screening mammograms that had enhanced breast density tissue (70). The dataset used in this study included craniocaudal (CC) views of 570 negative screening mammograms that had a follow up screening exam within 2 years where 285 of these cases were then cancer positive as confirmed by tissue biopsy and 285 cases remained screening negative. The breast area was segmented from each initial negative screening mammogram and enhanced to better visualize the dense tissue as opposed to the fatty tissues. Forty-three global features were computed from the spatial domain and discrete cosine transform domain of both the left and right CC view images. This study takes advantage of the bilateral asymmetry between two breasts when creating the final feature vector that is then used to train a support vector machine (SVM) model which produces a likelihood score that the next sequential screening exam is positive. The results of this scheme were significantly better than the same scheme that does not include the segmentation and dense tissue enhancement step, emphasizing that there is important textural information in the dense tissue of negative screening mammograms that can be used to predict if there is a short-term risk of developing breast cancer.

Like conventional CADe schemes, integrating all four views of screening mammograms enables development of new cancer risk prediction models with increased performance. Mirniaharikandehei et al. investigated the hypothesis that CADe-generated false-positive lesions contain valuable information that can help predict short-term breast cancer risk (72). The motivation for this study is driven by the fact that some early abnormalities picked up on CADe schemes may have a higher risk of developing into detectable cancers in the short-term (118, 119). All cases used in this study were negative screening exams where some of these cases contained early suspicious tumors that were only considered detectable in a retrospective review of the images. A CADe scheme was applied to right and left CC and mediolateral oblique (MLO) view images and then a feature vector was created that describes the number of initial detection seeds, the number of final false positives, the average, and the sum of all detection scores. To quantify the bilateral asymmetry, the features from the left and right CC or MLO views were summed to create one CC and one MLO view feature vector with four features in each vector. Two independent multinominal logistic regression classifiers were trained, one using the CC view feature vector and another using the MLO view feature vector. The results indicated that using the MLO view model achieved higher prediction accuracy, which indicates image features computed from CC and MLO views are different since mammograms are 2D projection images and fibroglandular tissue may appear quite different along the two projection directions. Since CADe schemes are routinely used in the clinic, this study provides a unique and cost-effective approach for developing CADe generated biomarkers from negative screening exams to help predict short term breast cancer risk. Tan et al. also took advantage of all four views of the breast and the bilateral asymmetry between breasts to predict short term breast cancer risk (73). In this study, eight groups of features were extracted from either the whole breast region or the dense tissue region of the breast to train a two-stage artificial neural network (ANN). Each feature set was used independently and in combination to train the model. The best performing model was developed when the model was trained using GLRLM based texture features computed from the dense breast regions. Both studies demonstrate that using bilateral asymmetry features computed from CC and MLO views is advantageous in that overlapping dense fibroglandular tissue can be visualized in two different configurations, providing more information about the dense tissue which is a known risk factor for breast cancer development. Clinical adoption of computerized models that can predict short-term breast cancer risk will be extremely valuable to stratify women and decide optimal intervals and methods of breast cancer screening (i.e., whether need to add breast MRI to mammography).

Genetic risk factors are also measured and used by epidemiological studies to indicate the lifetime risk of developing breast cancer. One of these genetic risk factors is an autosomal dominant mutation in the BRCA1 or BRCA2 gene. Up to 72% of women who inherit the BRCA1 mutation and 69% of women who inherit the BRCA2 mutation will develop breast cancer in their lifetime (120). Many women are unaware of their BRCA1/2 status when going in for a screening mammogram. Identification of BRCA1/2 status from routine mammographic images will be clinically useful for determining high-risk individuals. Gierach et al. conducted a texture analysis study of breast cancer negative mammograms to differentiate individuals with BRCA1/2 mutations from those without a BRCA1/2 mutation based on 38 texture features extracted from the breast parenchyma on CC view mammograms (74). After performing feature selection, five features were used to train a Bayesian artificial neural network (BANN) model that outputs a likelihood of having a BRCA1/2 mutation which would classify the individual as high risk. Individuals with BRCA1/2 mutations used in this study were on average 10 years younger than the group without BRCA1/2 mutations. When an age-matched testing dataset was used to evaluate the performance of the BANN model and an AUC of 0.72 ± 0.08 was observed. Results of this study demonstrate that radiomic based texture features extracted from negative screening mammograms can help identify women who have BRCA1/2 mutations. The significance of this study highlights that image analysis of screening mammograms can be expanded to include risk stratification in addition to detection of suspicious tumors.

Breast parenchymal patterns are another biomarker that has been established as a tool for cancer risk prediction (104, 105, 116, 121). Extracting texture features from the breast parenchyma provides local descriptors that can characterize the physiological conditions of the breast tissue which may give more insight into breast cancer risk than breast density or BRCA mutation status. Li et al. used deep transfer learning with pre-trained CNNs to extract features directly from the breast parenchyma depicted on the CC view of FFDM images to differentiate between high-risk patients with a BRCA mutation and the low-risk patients and to differentiate between high-risk patients with unilateral cancer and the low-risk patients (75). In this study, regions of interest (ROIs) were selected from the central region directly behind the nipple as this region has been shown to give best results for describing breast parenchyma (116). ROIs were then input to a pretrained CNN and features were extracted from the last fully connected layer. In addition, texture-based features were also extracted from the ROIs so that the results of deep transfer learning-based classifier and traditional radiomic based classifier can be analyzed. A fusion classifier was created that used features extracted from the pretrained deep CNN and traditional texture features. The fusion classifier was able to differentiate BRCA mutation carriers from low-risk women and unilateral cancer patients from low-risk women with an AUC of 0.86 and 0.84, respectively. Additionally, the pre-trained CNN extracted features were able to differentiate between unilateral breast cancer patients and low risk patients significantly better than using traditional texture features, where AUC = 0.82 and AUC = 0.73, respectively. This study demonstrates the advantages of exploring deep learning techniques independently and in combination with conventional machine learning techniques to better stratify patients on breast cancer risk. In addition to extracting one ROI from one mammogram, other studies investigate the effect of using either multiple ROIs or global features to develop breast cancer risk assessment models. For example, Sun et al. extracted texture features from multiple subregions within the mammogram that had relatively homogeneous densities and fused the features to train an SVM with a radial basis function (RBF) kernel to predict short-term breast cancer risk (71). The classifier trained using multiscale fusion of features extracted from different density subregions showed superior performance to the classifier trained using features extracted from the whole breast. Zheng et al. developed a fully automated scheme that captures the texture of the entire breast parenchyma using a lattice-based approach (122). Using smaller local windows to extract features provided the best performance when compared to single ROI and may lead to improved model performance in predicting breast cancer risk.

Besides analyzing negative mammograms, the level of background parenchymal enhancement (BPE) on breast MRI has also demonstrated power in predicting breast cancer risk (123–125). BPE refers to the volume and intensity enhancement of normal fibroglandular tissue after intravenous contrast is injected. The hypothesis is that high levels of BPE is associated with a high risk of developing breast cancer, hence why radiologists may group women into risk groups based on BPE (126). However, there is high inter-reader variability in radiologist interpretation of BPE suggesting that developing computerized schemes to quantify BPE has the potential to produce a more robust marker to predict breast cancer risk. Saha et al. automatically quantified the BPE from screening MR exams to predict future breast cancer risk within two years using a logistic regression classifier (76). In the study, eight BPE features were extracted from the fibroglandular tissue mask from both the first post-contrast fat-saturated sequence and the T1 nonfat-saturated sequence. Five breast radiologists also reviewed MR images and categorized each case as either minimal, mild, moderate, or marked BPE according to the BI-RADS guideline. The predictive performance of the multivariate logistic regression model trained using quantitative BPE features yielded higher performance than that of the qualitative BPE assessment of the five radiologists, suggesting that computerized quantification of BPE is a more accurate predictor of breast cancer risk.

Several studies have compared new image feature analysis models with pre-existing epidemiology-based statistical models in predicting cancer risk. For example, Portnoi et al. developed a deep learning breast cancer risk prediction model using DCE-MRI taken from a high-risk population (77). The 3D MR images were converted to 2D projection images using the axial view of the maximum intensity projection (MIP) and then used to fine tune a ResNet-19 CNN that had been pretrained on the ImageNet dataset. Results from the MRI-based deep learning model were compared with the Tyrer-Cuzick model and a logistic regression model that used all risk factors from the Tyrer-Cuzick model in addition to the qualitative BPE assessment made by an expert radiologist based on the BI-RADS guidelines. The AUC of the MRI-based deep learning model, Tyrer-Cuzick model, and logistic regression model were reported as, 0.638 ± 0.094, 0.493 ± 0.092, and 0.558 ± 0.108, respectively. Study results demonstrate that new MRI-based deep learning model has higher discriminatory power to predict breast cancer risk than the existing epidemiology-based risk prediction models.

Finally, based on the hypothesis that new imaging markers and the existing epidemiology-based risk factors may contain complementary information, Yala et al. sought to combine traditional risk factors and image-based risk factors extracted from mammograms using deep learning to investigate whether fusion of the two would yield a superior 5-year risk prediction model (78). In this study, ResNet18 was trained, validated, and tested using 71,689, 8,554 and 8,869 images acquired from 31,806, 3,804 and 3,978 patients, respectively. Four different risk prediction models were compared, namely: the Tyrer-Cuzick Model, a logistic regression model using standard clinical risk factors, the deep learning model, and a hybrid model using traditional clinical risk factors and the deep learning model (AUC = 0.62,0.67,0.68, 0.70, respectively). This work laid the foundation for the development of the MIRAI model in 2021 (79), which predicts the risk of developing breast cancer for each year within the next 5 years. All four mammograms acquired in routine screening (LCC, LML, RCC, RML view) are passed as an input to this model which first go through an image encoder, next to an image aggregator, then to a risk factor predictor, followed by an additive-hazard layer. MIRAI model was first trained and validated using 210,819 and 25,644 screening mammography exams from 56,786 and 7,020 patients from Massachusetts General Hospital (MGH), respectively. MIRAI model was then tested on three different testing sets, one acquired from MGH that contained 25,855 exams from 7,005 patients, the second acquired from Karolinska University Hospital in Sweden that contained 19,328 exams from 19,328 patients, and the third acquired from Chang Gung Memorial Hospital in Taiwan that contained 13,356 exams from 13,356 patients, respectively. AUCs obtained from MIRAI model was significantly higher than those yielded by Tyrer-Cuzick model and both the hybrid deep learning model and image based deep learning model developed in 2019 foundational study (81). Thus, MIRAI model is unique for a few reasons, the first being that traditional clinical risk factors are incorporated into the imaging feature analysis model as the previous Yala et al. study (78) demonstrated that addition of this information will improve performance. If traditional risk information is not provided, MIRAI model is still able to predict cancer risk from mammographic image features. This increases its potential clinical utility in clinics that may not record many risk factors used in Tyrer-Cuzick models. Second, MIRAI model focuses directly on clinical implementation by training the model on a large dataset and validating this model on different datasets.

In summary, the above studies demonstrate that imaging markers computed from breast density distribution, textural features of parenchymal patterns, and parenchymal enhancement patterns are promising to build AI-based models to predict breast cancer risk. Study results have demonstrated that using image-based risk prediction models can perform superiorly to existing cancer risk prediction models that use epidemiological study data only. However, a majority of these state-of-the-art image-based risk models have not been tested or used in clinical practice due to lack of diversity in the training set leading to a model with poor generalizability on data from different locations and different scanners. Thus, these new image-based prediction models need to undergo vigorous and widespread prospective testing in future studies.



Tumor Classification or Diagnosis

Due to the high rates of false-positive recalls and high number of benign biopsy results in current clinical practice using the existing imaging modalities, it is important to investigate new methods to help decrease the false positive recall and benign biopsy rates so that women are more willing to continue participating routine breast cancer screening. Over the past few decades, a variety of AI-based CADx schemes of different types of medical images have been developed aiming to differentiate between malignant and benign tumors more accurately to help radiologists decrease the false-positive recall rates in future clinical practice (Table 3).

In order to classify a detected tumor, many CADx schemes first segment the tumor or a ROI surrounding the suspicious area before computing image features. Some studies rely on semi-automated segmentation using prior knowledge of the tumor location marked by a radiologist as an initial seed, and other studies focus on fully automated segmentation. Dalmis et al. developed an AI-based CADx scheme for DCE-MRI that uses a semi-automated tumor segmentation technique prior to feature extraction. This is done by a multi-seed smart opening algorithm that first has the user identify a seed point and then a region growing algorithm is conducted followed by a morphological opening to segment out the tumor (81). El-Sokkary et al. recently investigate two new methods for the fully automated segmentation of the ROI from the whole breast mammogram prior to feature computation and classification. The first method segments the ROI using a Gaussian Mixture Model (GMM) and the second method uses a particle swarm optimization (PSO) algorithm. Twenty texture and shape features were then extracted from each ROI independently and used to train a non-linear SVM implemented with an RBF kernel. The accuracy of classifying malignant vs benign tumors using PSO-based segmentation and GMM-based segmentation prior to feature extraction was 89.5% and 87.5%, respectively (80).

To mirror the cognitive process of a radiologist in reading and interpreting bilateral and ipsilateral CC and MLO view mammograms of the left and right breasts simultaneously, researchers have developed and tested CAD schemes that integrate tumor image features with the corresponding features computed from the matched ROIs in other mammograms. For example, Li et al. conducted and reported a study in which image features were extracted from the segmented tumor region and the contralateral breast parenchyma; when these two feature sets were combined and used to train a Bayesian artificial neural network (BANN), there significantly improved tumor classification over the BANN trained using just features from the segmented tumor region (AUC = 0.84 vs 0.79, p=0.047) (89).

Identifying matched ROIs from different breasts is a difficult process. To avoid errors in tumor segmentation and image registration when identifying the matched ROIs in different images, researchers have investigated the feasibility of developing CAD schemes based on global image feature analysis of multiple images. For example, Tan et al. developed a CADx scheme using bilateral mammograms to classify screening mammography cases as malignant or benign. Ninety-two handcrafted features were extracted from each of the four view images and then concatenated into separate CC and MLO feature vectors, each containing the features from the left and right breast of the respective views. A multistage ANN was then trained where the first stage had two ANNs that were trained on either the CC feature vector or the MLO feature vector, and the second stage had a singular ANN that combine the classification scores output from both the prior ANNs and outputs a final score that estimates the likelihood of the case being malignant (88). To overcome the potential limitation of losing classification sensitivity from using the whole breast image, Heidari et al. developed a novel case-based CADx scheme that quantified the bilateral asymmetry between breasts using a tree structure-based analysis of the structural similarity index (SSIM). The left and right images are equally divided into four sub-blocks, the SSIM of each pair of two matched regions is calculated and a pair of the matched sub-blocks with the lowest SSIM among the original four pairs of sub-blocks is selected. The selected sub-blocks (one from left image and one from right image) are then divided into four small sub-blocks again to search for a new pair of matched sub-blocks with the smallest SSIM. This process is repeated six times. As a result, the six smallest SSIM features are extracted for each bilateral CC and MLO view images for each case. Then, three SVMs are trained and tested using a 5-fold cross validation method using the six SSIM features computed from the bilateral CC and MLO view images separately and the combined 12 SSIM features. Each SVM produces an outcome score indicating the likelihood of the case being malignant (90). The study demonstrates that using two bilateral images of MLO view yield significantly higher performance than using two bilateral CC view images (AUC = 0.75 ± 0.021 vs. 0.53 ± 0.026). However, fusion of SSIM features computed from both CC and MLO view images, SVM yields further increased classification accuracy with AUC = 0.84 ± 0.016.

Another popular method to eliminate the tumor segmentation step in CADx schemes is by using convolutional neural networks (CNN). CNNs can automatically learn hierarchical representations of the images directly from the image, eliminating the need for semi-automated or fully automated tumor segmentation and handcrafted feature selection. Due to the limitation of image dataset sizes in the medical imaging field, researchers have developed and trained shallow CNN models (127), which do not require as much training data as a deep CNN models. However, developing an architecture and training a CNN from scratch is still an extremely time-consuming process. Additionally, the robustness of studies using shallow CNNs is often questionable as they are trained on smaller dataset. Qiu et al. trained an eight-layer CNN to predict the likelihood of a mass being malignant, demonstrating that shallow CNNs can be trained fully on medical images (82). Yurttakal et al. trained a CNN with six convolutional blocks followed by five max pooling layers, a dropout layer, one fully connected layer, and a softmax layer to output a probability of malignancy of tumors detected on MR images. The accuracy of this system is 98.33% which outperformed many other studies of similar goals (83). The deeper a model is, the more complex representations can be learned, so the question of how deep a CNN must be to sufficiently capture features for a large classification task remains (128). However, training a deep CNN from scratch is not possible without a large diverse dataset which are not readily available in the medical imaging field.

By recognizing the limitation of shallow CNN models, transfer learning has emerged as a solution to lack of big data in medical imaging. In transfer learning, a CNN is trained in one domain and applied in a new target domain (129). This involves taking advantage of existing CNNs that have been pretrained on a large data set like ImageNet and repurposing them for a new task (130). There are two approaches to transfer learning (Figure 3), one is fine tuning where some layers of a pre-trained model are frozen while other layers will be trained using the target task dataset (131). The other is using a pre-trained network exactly as is to extract feature maps that will be used to train a separate ML model or classifier. The former is beneficial in that it will train the network to have some target specific features, but the latter is advantageous in that it is computationally inexpensive as it does not require any deep CNN training. In one study, Hassan et al. fine-tuned two existing deep CNNs, AlexNet and GoogleNet, that had been pretrained on the ImageNet database to classify tumors as malignant or benign using mammograms (84). The lower layers of each deep CNN were kept frozen, and the last layers of both networks were replaced to accommodate the two-class classification task and trained using the mammograms. Many different experiments were conducted to determine the most optimal hyperparameters for each deep CNN. The mammograms used in this study were a combination of images from four databases including the Curated Breast Imaging Subset of DDSM (CBIS-DDSM), the Mammographic Image Analysis Society (MIAS), INbreast, and mammogram images from the Egyptian National Cancer Institute (NCI), demonstrating the robustness of this fully automated CADx system. In another study, Mendel et al. used transfer learning as a feature extractor to compare the performance of a CADx model trained using DBT images and mammography images, independently. A radiologist placed a ROI around the tumor in corresponding the mammogram, DBT synthesized 2D image, and DBT key image which were then used as an input to the pre-trained VGG19 network. Features were extracted after each max-pooling layer. A stepwise feature selection method was used, and the most frequently selected features were used to train SVM models to predict the likelihood of malignancy. SVM model using DBT images yielded significantly higher classification accuracy than SVM model trained using mammograms, demonstrating that the features extracted from the DBT images may carry more clinically relevant tumor classification information than mammograms (85).




Figure 3 | A block diagram displaying the transfer learning process. A model is trained in the source domain using a large diverse dataset. The information learned by the model is transferred to the target domain and used on a new task. The two main methods for transfer learning are feature extraction and fine tuning. For the feature extraction method, a feature map is extracted from the convolutional base taken from the source model and used to train a separate machine learning classifier. There are two ways to use transfer learning by fine tuning. The first is freezing the initial layers in the convolutional base from the source model and fine tuning the final layers using the target domain dataset then training a separate classifier. The second method does the same, except instead of training a new machine learning classifier, new fully connected layers will be added and trained using the target domain data.



While deep CNN based models have seen tremendous success, traditional ML-based models that use handcrafted radiomic features benefit from prior knowledge of useful feature extraction methods making the handcrafted features more interpretable than automated features produced by deep learning models. Recently, fusion of traditional handcrafted features and deep learning-based features has been a hot topic and several studies report superior performance of the fusion approach over using either method alone. For example, Caballo et al. developed a CADx scheme for 3D breast computed tomography (bCT) images. The 3D mass classification problem was collapsed into a 2D classification problem by extracting nine 2D square boxes from each mass that mirror one of the nine symmetry planes of a 3D cube. The developed CADx scheme was then designed to take nine-2D images as an input. A U-Net based CNN model was used to segment the tumor from each of the nine 2D images. Then, 1,354 radiomic features were extracted from each image patch. The architecture of the rest of the proposed CADx scheme had two branches that work in parallel. The first arm of the system was a multilayer perceptron (MLP) composed of four fully connected layers that takes the radiomic features as an input. The second arm of the system was a CNN that processes the 2D image patch as is, meaning without the U-Net segmentation of the mass. The results of the last fully connected layer of both arms of the system were concatenated and processed by two more fully connected layers before tumor classification result is produced. The proposed model yielded AUC = 0.947 that outperforms three radiologists with AUC ranging from 0.814 – 0.902. This study demonstrates the utility of combining handcrafted features and CNN generated features in a singular CADx scheme (86).

Last, since original deep learning (CNN) models have been pretrained on a natural image data set like ImageNet, the models have three input channels to accept color images, yet medical images are typically gray scale images that only occupy a single input channel of the deep learning model. Thus, some studies directly copy the original grayscale image into three channels, while other studies added additional images into the other two input channels (28). Antropova et al. conducted a study that developed a classification model that fuses radiomics and deep transfer learning generated image features using a mammogram dataset, a DCE-MRI dataset, and an US dataset (87). The mammograms and ultrasound images were stacked in three input channels and fed to a pretrained VGG19 model, while the DCE-MRI pre-contrast (t0), first time-point (t1), and post-contrast (t2) were stacked in three input channels to form the input image of another VGG19 model. The deep CNN based features were extracted after each max pooling layer, average pooled in the spatial dimension, and concatenated into a final CNN feature vector. A semi-automated tumor segmentation method was used to segment the suspicious tumors before radiomic feature extraction. The radiomic and deep CNN feature set were used to train non-linear SVM with an RBF kernel using 5-fold cross validation. To build the fusion classifier the outputs of each SVM were averaged. Classifiers trained using the fusion of the two types of features outperformed all classifiers that used either feature set alone, demonstrating that traditional radiomic features and features extracted from transfer learning may provide complimentary information that can increase the performance of CADx schemes to help radiologist better make decisions. In addition to developing this CADx scheme for three independent imaging modalities, this study also demonstrated that features extracted from each max pooling layer of a pretrained CNN outperformed features extracted from the fully connected layers. This is significant as authors claim this is the first study using a hierarchical deep feature extraction technique for CADx of breast tumor classification. Similarly, Moon et al. developed a CADx scheme using multiple US image representations to train multiple CNNs which were then combined using an ensemble method (91). Four different US image representations were used: an ROI surrounding the whole tumor and tumor boundary that was manually annotated by an expert, the segmented tumor region, the tumor shape image which is a binary mask of the segmented tumor region, and a fused RGB image of the three prior image types. Multiple CNNs were then trained on each of the four image types and the best models were combined via an ensemble method. All models were evaluated using one private and one public dataset involving 1,687 and 697 tumors, respectively. Results of this study further demonstrate that the more information used in the input image, the better the model performs. Future work to automate the segmentation steps will improve the robustness of this model.

The above studies demonstrate that tumor segmentation remains one of the most difficult challenges that traditional ML based CADx schemes encounter and a major hurdle to clinical implementation. The shift from manual to semi-automated to fully automated lesion segmentation has decreased the inherent bias associated with human intervention, but elimination of the segmentation step in its entirety through either feature extraction from whole breast images or CNNs will be more generalizable than models involving a segmentation step when a large and diverse image database is available. Additionally, there remains no consensus on whether conventional ML models or new CNN-based DL models are better for breast lesion diagnosis as both methods have unique strengths and limitations. However, fusion of the two types of models has been shown to produce the best results as meaning these models may provide complementary information.



Prediction of tumor response to treatment

Monitoring response to treatment is one of the most crucial aspects of breast cancer treatment and management. This must be done continuously through a combination of physical examinations, imaging techniques, surgical interventions, and pathological analyses. Molecular subtyping of each cancer based on histopathology into either luminal A, luminal B, human epidermal growth factor 2 (HER2) enriched, and basal-like subtypes is an important first step before deciding on the optimal treatment plan as each group has shown different responses to treatments and has varying survival outcomes (132, 133). Discovery of additional molecular signatures such as presence or absence of Ki67, expression of estrogen receptors (ER) and progesterone receptor (PR), cyclin-dependent kinases (CDKs), PIK3CA mutation, and others has opened the door for new targeted therapies that aim to inhibit cancer growth rather than shrink solid tumors (134, 135).

Neoadjuvant chemotherapy (NACT) is often used as a first line treatment with the goal of decreasing the size of the tumor. Evaluation of the efficacy of NACT is traditionally done through clinical evaluation using the Response Evaluation Criteria in Solid Tumors (RECIST), a size-based guideline (136, 137). The goal of the RECIST criteria is to categorize the response as either complete response (CR), partial response (PR), progressive disease (PD), or stable disease (SD). However, changes in the size of tumors will often not be detectable until 6-8 weeks in the treatment course therefore patients may continue experiencing the toxicity affects from chemotherapy or radiation therapy while not actually treating the cancer (138). In addition, the invention of many molecularly targeted therapies may be successful without showing a decrease in the size of the tumors, other factors such as change in vasculature or molecular composition may be better indicators of treatment response (139). Immunohistochemical (IHC) analysis can also be conducted before and after therapies to uncover molecular signatures and information about the vascular density of the tumor microenvironment (140–142). However, IHC analysis is an invasive procedure that is limited by the heterogeneity of the tumor since the biopsy sample is not necessarily reflective of the entire tumor (140, 143). The heterogeneity of tumors is a major hallmark of cancer, yet it is difficult to capture in a clinical setting making it difficult to predict response to therapy without knowing the entire molecular composition of the tumor. The need for non-invasive imaging markers that can quickly and accurately predict response to therapies has never been greater.

In current clinical practice, breast MRI is the most accurate imaging modality for monitoring tumor response to treatment as confirmed by The American College of Radiology Imaging Network (ACRIN) 6657 study performed in combination with the multi-institutional Investigation of Serial Studies to Predict Your Therapeutic Response with Imaging And molecular Analysis (I-SPY TRIAL) (144). In these clinical trials, radiologists read MR images and predict tumor response to treatment based on RECIST guidelines. In order to predict tumor response or cancer prognosis more accurately and effectively, many researchers have tried to develop AI-based prediction models of breast MR images acquired before, during or post therapy to predict tumor response to chemotherapy at an early stage.

In one study, Giannini et al. extracted 27 texture features from pre-NACT MRI and trained a Bayesian classifier to predict pathological complete response (pCR) post-NACT (92). In another study, Michoux et al. extracted texture, kinetic, and BI-RADS features from pre-NACT MRI to try and differentiate between individuals who would have no response (NR) and those who had either a partial response (PR) or complete response (CR) (93). Predictive capabilities of the features were analyzed independently and in combination through supervised and unsupervised ML models. Results showed that texture and kinetic features helped differentiate responders vs. non-responders, but BI-RADS features did not significantly contribute to the differentiation.

Aghaei et al. reported two studies that identified two new imaging markers by training two ANN models using kinetic image features extracted from DCE-MRI acquired prior to NACT to predict complete response (CR) to NACT (94). In the first study, an existing CAD scheme was applied to segment tumors depicting on DCE-MRI. Thirty-nine contrast enhanced kinetic features were then extracted from five groups: the whole tumor area, the contrast-enhanced tumor area, the necrotic tumor area, the entire background parenchymal region of both breasts, and the absolute value of bilateral BPE between the left and right breast. Using a leave-one-case-out cross validation method embedded with a feature selection algorithm, the trained ANN yielded prediction performance with an AUC = 0.96 ± 0.03 when 10 kinetic features were used. When comparing some of the common MRI features between the CR and NR groups using DeLong’s Method, no significant differences were seen between the two groups which demonstrates that conventional MR features alone may not have enough discriminatory power to predict whether a patient will respond to NACT or not. This study demonstrates that extracting more complex MRI features will yield greater performance in predicting the likelihood of a patient responding to NACT. As with many CAD studies, inclusion of the segmentation step often limits the robustness of the scheme. Thus, Aghaei et al. conducted a follow-up study using an increased image dataset and a new scheme that only computes 10 global kinetic features from the whole breast volume including average enhancement value (EV), standard deviation (STD) of EV, skewness of EV, maximum EV, average EV of top 10%, average EV of 5%, bilateral average EV difference, bilateral STD EV difference, bilateral difference of average EV of top 10%, and bilateral difference of average EV of top 5% without tumor segmentation. Then, by using the same ANN training and testing method, the ANN trained using 4 features yielded an AUC = 0.83 ± 0.04. Three of these four features were computed to characterize the bilateral asymmetry between left and right breasts, highlighting the key role that breast asymmetry may play in predicting whether a patient will respond well to chemotherapy (95).

CNNs provide another tool that can overcome the limitations intrinsic to tumor segmentation steps. Ravichandran et al. used a CNN with six convolutional blocks trained over 30 epochs to extract features from pre-NACT DCE-MRI to predict the likelihood of a pathological CR (pCR) (96). This study looked at the pre-contrast and post-contrast images separately and together and found that the CNN performed best when using 3-channel images that contained the pre-contrast images in the red and green channel and the post-contrast images in the blue channel. The addition of clinical variables such as age, largest diameter, and hormone receptor status increased the AUC values from 0.77 to 0.85, demonstrating how the addition of AI can streamline imaging and clinical data into a single workflow for the increased prediction accuracy. Additionally, regions in the images that contain the most valuable information for predicting response to NACT can often be displayed in a heatmap (Figure 4). This may be an important step to reveal rationale of DL model prediction as few existing DL models are very interpretable which hinders their clinical translation.




Figure 4 | Illustration of heatmaps displaying the regions within a tumor that were used to predict the probability of pathological complete response. (A, B) show the results when using the CNNs trained on only the pre-contrast images. (C, D) show the results when using the CNN trained using a combination of pre-contrast and post-contrast images. (A, C) display cases that were correctly identified as pCR, while (B, D) are cases that were correctly identified as non-pCR. Modified from (96).



Traditionally, pathological assessment of a representative tissue sample from the original tumor mass is used to identify the molecular subtype and develop a treatment plan. This is a sub-optimal technique as this representative tissue sample cannot capture the molecular composition of the whole tumor as cancer is often extremely heterogenous. Imaging modalities have the unique advantage of being able to capture information relating to an entire tumor which can help to overcome the limitations intrinsic to tissue biopsies. Additionally, the mechanism of many therapies is dependent on tumor vasculature which is not often probed before deciding on a treatment plan. Modalities that can image tumor vasculature such as DCE-MRI continue to be the most accurate and useful modalities in AI-based models for predicting response to treatment as valuable information pertaining to treatment response is contained in the tumor vasculature. Despite pre-clinical research progress, there are currently no image-based markers clinically used to predict response to any cancer therapies. Thus, more research efforts are needed to continue making progress to identify and validate robust image-based biomarkers that can predict response to therapy before the therapy is administered.




Discussion – outlook and challenges

Breast cancer remains an extremely deadly disease with incidence on the rise. Early detection through routine screening exams remains the best method for reducing the mortality associated with the disease. However, the efficacy including both sensitivity and specificity of current breast screening must be improved. The increase in the number of breast imaging modalities coupled with a large amount of clinical, pathological, and genetic information has made it more difficult and time consuming for clinicians to digest all available information and make an accurate diagnosis and appropriate personalized treatment plan. Recent advances in radiomics and DL-based AI technology provide promising opportunities to extract more clinically relevant image features as well as to streamline many different types of diagnostic information to build novel decision-making support tools that aim to help clinicians make more accurate and robust cancer diagnosis and treatment decisions. In this review paper, we reviewed recent studies of developing AI-based models of breast images in three application realms.

In recent years, many “omics” topics including genomics, transcriptomics, proteomics, metabolomics, and others have attracted broad research interest in order to improve early diagnosis of breast cancer, better characterize the molecular biology of tumors, and establish an optimal personalized cancer treatment paradigm. However, these “omics” studies often require additionally invasive procedures and expensive tests generating high-throughput data that is difficult to do robust data analysis. Radiomics is advantageous in that it is non-invasive and low cost (because it only uses existing image data and does not require additional tests). Thus, the reported studies that directly apply radiomics concept and software to medical images has grown exponentially in recent years. In breast imaging, a large number of radiomics features can be extracted and computed such as from mammograms and DCE-MRI. Despite great research effort and progress, the association between radiomics and other “omics” is still not very clear and more in-depth research is needed. Thus, in this paper, we review several recent studies that investigated the relationship between radiomics features and the tumor microenvironment or tumor subtypes, which may provide researchers valuable references to continue in-depth research.

In addition, AI-based prediction models have expanded from the traditional task of detecting and diagnosing suspicious breast lesions in CAD schemes to much broader applications in breast cancer research. In this paper, we select and review application of AI-based prediction models to predict risk of having or developing breast cancer, the likelihood of the detected lesion being malignant, and cancer prognosis or response to treatment. These studies demonstrate that by applying either radiomics concepts through ML methods or deep transfer learning methods, clinically relevant image features can be extracted to build new quantitative image markers or prediction models for different breast cancer research tasks. If successful, the role of AI in breast cancer is paving the way for developing personalized medicine as detecting and diagnosing cancer are no longer driven by generic qualitative markers but now driven by quantitative patient specific data.

Despite the extensive research efforts dedicated to the development and testing of new AI-based models in the laboratory environment, very few of these studies or models have made into clinical practice. This can be attributed to several obstacles or challenges. First, currently, most of the studies reported in the literature trained AI-based models using small datasets (i.e., <500 images). Training a model using a small dataset often results in poor generalizability and poor performance due to unavoidable bias and model overfitting. Thus, one important obstacle is lack of large and high-quality image databases for many different application tasks. Although several breast image databases are publicly available including DDSM, INbreast, MIAS, and BCDR (87), these databases mainly contain easy cases and lack subtle cases, which substantially reduces the diversity and heterogeneity of these image databases. Many existing databases reported in previous research papers are also either obsolete (i.e., DDSM and MIAS used the digitized screen-film based mammograms) or have a lack of biopsy-approved ground-truth (i.e., INbreast). Thus, AI-models developed using these “easy” databases have lower performance in applying to real diverse images acquired in clinical practice. By recognizing such limitations or challenges, more research efforts continue to build better public image databases. For example, The Cancer Imaging Archive (TCIA) was created in 2011 with the aim of developing a large, de-identified, open-access archive of medical images from a wide variety of cancers and imaging modalities (145). New significant progress is expected in future studies to build this important infrastructure in help develop robust AI-based models in medical imaging field.

Second, medical images acquired using different machines made by different companies and different image acquisition or scanning protocols in different medical centers or hospitals may have different image characteristics (i.e., image contrast or contrast-to-noise ratio). CAD schemes or AI-models are often quite sensitive to the small variations of image characteristics due to the risk of overtraining. Thus, AI-models developed in this manner are not easily translatable to independent test images acquired by different imaging machines at different clinical sites. Compared to mammograms and MRI, developing AI-models of ultrasound images faces additional challenges because the quality of US images (particularly US images acquired using handheld US devices) heavily depends on the operators. Thus, establishment of TCIA allows researchers to train and validate their prediction models on imaging data acquired from other clinical sites to help researchers develop more accurate and robust models that can eventually be translated to the clinic. Additionally, developing and implementing image pre-processing algorithms to effectively standardize or normalize images acquired from different machines or clinic sites (146, 147) have also attracted research interest and effort, which may also need before AI-based models can be adopted on a widescale clinical level.

Third, another common limitation of traditional ML or radiomics based AI-based models is that they often require a lesion segmentation step prior to feature extraction. Whether lesion segmentation is done semi-automatically based on an initial seed or automatically without human intervention, accurate and robust segmentation of breast lesions from the highly heterogeneous background tissue remains difficult (148). The lesion segmentation error introduces uncertainty or bias to the model due to the variation of the computed image features and hinders the translation of the AI-based models to clinical applications. Recent attention to DL technology provides a way to overcome this limitation as the deep CNNs will extract features directly from the images themselves, bypassing the need for a lesion segmentation step. However, the lack of big and diverse datasets is a major challenge in developing robust DL-based AI models. Although transfer learning has emerged as a mainstream in the medical imaging field, its advantages and limitations are still under investigation. While there is a huge focus on using pre-trained CNNs as feature extractors as it is computationally inexpensive and generalizable since these models avoid having to train or re-train the CNN at different centers with different imaging parameters, fine tuning the models has showed better results (129). Additionally, no CNN-based transfer learning models have made it to clinical use since the models are still not robust as investigated in a recent comprehensive AI-model evaluation study (31). Therefore, more development and validation studies are needed to address and overcome this challenge.

Fourth, currently most AI-based models use a “black-box” type approach and lack explainability. As a result, it reduces the confidence or willingness of clinicians to consider or accept AI-generated prediction results (149). Understanding how an AI-based CAD scheme or prediction model can make reliable prediction is non-trivial to most individuals because it is very difficult to explain the clinical or physical meanings of the features automatically extracted by a CNN-based deep transfer learning model. Thus, developing explainable AI models in medical image analysis has emerged as a hot research topic (150). Among these efforts, visualization tools with interactive capability or functions have been developed that aim to show the user what regions in an image or image patterns (i.e., “heat maps”) contribute the most to the decision made by AI models (151, 152). In general, new explainable AI models must be able to provide sound interpretation of how the features extracted result in the output produced. Ideally this should be done in ways that directly tie to the medical condition in question. Since this is an emerging research field and important research direction, more research efforts should dedicate to extensive development of new technologies to make AI-based CAD schemes and/or prediction models more transparent, interpretable, and explainable before AI-based models or decision-making supporting tools can be fully accepted by the clinicians and then integrated into the clinical workflow.

Fifth, performance of AI-based models reported in the literature based on laboratory studies may not be directly applicable to clinical practice. For example, researchers have found that higher sensitivity of AI-based models may not help radiologists in reading and interpreting images in clinical practice. One previous observer performance study reported that radiologists failed to recognize correct prompts of CADe scheme in 71% of missed cancer cases due to higher false-positive prompts (153). By retrospectively analyzing a large cohort of clinical data before and after implementing CADe schemes in multiple community hospitals, one study reported that the current method of using CADe schemes in mammography reduced radiologists’ performance as seen by decreased specificity and positive predictive values (21). In order to overcome this issue, researchers have investigated several new approaches of using CADe schemes. One study reported that using an interactive prompt method to replace a conventional “second reader” prompt method significantly improves radiologists’ performance in detecting malignant masses from mammograms (154). However, this interactive prompting method has not been accepted in clinical practice. Thus, the lessons learned from CADe schemes used in clinical practice indicate that more research efforts are needed to investigate and develop new methods, including FDA clearance processes, to evaluate the potential clinical utility of all new AI-based models for many different clinical medical imaging applications (155).

In conclusion, besides CADe schemes that have been commercially available, advances in new technologies including data analysis of high throughput radiomics features and AI-based deep transfer learning have led to the development of large number of new CAD schemes or prediction models for different research tasks in breast cancer including prediction of cancer risk, likelihood of tumor being malignant, tumor subtypes or staging, tumor response to chemotherapies or radiation therapies, and patient progression-free survival (PFS) or overall survival (OS). However, before each of the new AI-based CAD schemes can be accepted in clinic practice, more work still needs to be done to overcome the remaining obstacles and validate its scientific rigor using large and diverse image databases acquired from multiple clinical sites. The overarching goal of this review paper is to provide readers with a better understanding of state-of-the-art status of developing new AI-based prediction models of breast images and the promising potential of using these models to help improve efficacy of breast cancer screening, diagnosis, and treatment. Additionally, by better understanding the remaining obstacles or challenges, we expect more progress and future breakthroughs will be made by continuing research efforts in the future.
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Background

The effect of tobacco on breast cancer (BC) is controversial. The purpose of this study was to investigate the relationship between tobacco and BC.



Methods

A search was conducted in PubMed, EBSCO, Web of Science and Cochrane Library databases before February 2022. The adjusted odd ratio (OR) and corresponding 95% confidence interval (CI) were used to examine the relationship between active or passive smoking and BC risk.



Results

A total of 77 articles composed of 2,326,987 participants were included for this meta-analysis. Active (OR=1.15, 95% CI=1.11-1.20, p<0.001) and passive (OR=1.17, 95% CI=1.09-1.24, p<0.001) smoking increased the risk of BC in the female population, especially premenopausal BC (active smoking: OR=1.24, p<0.001; passive smoking: OR=1.29, p<0.001), but had no effect on postmenopausal BC (active smoking: OR=1.03, p=0.314; passive smoking: OR=1.13, p=0.218). Active smoking increased the risk of estrogen receptor-positive (ER+) BC risk (OR=1.13, p<0.001), but had no effect on estrogen receptor-negative (ER-) BC (OR=1.08, p=0.155). The risk of BC was positively associated with the duration and intensity of smoking, negatively associated with the duration of smoking cessation. Active smoking increased the risk of BC in the multiparous population (OR=1.13, p<0.001), but had no effect on the nulliparous population (OR=1.05, p=0.432), and smoking before the first birth (OR=1.22, 95% CI=1.17-1.27) had a greater impact on the risk of BC than smoking after the first birth (OR=1.08, 95% CI=1.04-1.12).



Conclusion

Smoking (active and passive) increased the risk of BC in women. The effect of smoking on BC was influenced by smoking-related factors (duration, intensity, years of quitting), population-related factors (fertility status), and BC subtypes.



Systematic Review Registration

identifier CRD42022322699.





Keywords: breast cancer, active smoking, passive smoking, incidence, meta-analysis selection criteria



Introduction

Breast cancer (BC) is the most common cancer in women worldwide (1). As a heterogeneous disease, its occurrence is influenced by both endogenous factors (such as heredity (2, 3), gene mutation (4, 5)) and exogenous factors (such as reproduction (6, 7), environment (8)). It is estimated that only 5-10% of BC cases are induced by genetic factors, while the remaining 90-95% are highly related to environmental factors or specific lifestyle (9, 10). Therefore, researchers are trying to provide better preventional strategies by adjusting exposure to BC protective or risky factors (1, 11). Evidence has shown that unhealthy lifestyle and some environmental factors are harmful to women (12–14), and eliminating these factors may help reduce the morbidity and mortality rate (15, 16).

The potential role of smoking in BC risk has been under intense discussion (17, 18). Although BC is not initially thought to be a tobacco-related cancer, over the past few decades, many chemicals contained in tobacco have been investigated to be a trigger of BC, such as 4-aminobiphenyl (19, 20) and benzopyrene (21, 22). In addition, evidence of the role of active smoking (23, 24) and secondhand smoke (25, 26) in the etiology of BC is accumulating, based on adequate animal trials (27, 28) and relevant epidemiological evidence (29). Recent trends have discovered smoking as one of the potential risk factors for BC (30).

Although many studies have shown that smoking may increase the risk of BC, a review of studies over the past 30 years has found that opinions among clinical researchers are still widely divided (17, 31). Firstly, some studies [e.g. Yingsong Lin et al. (32) and Chelsea Catsburg et al. (23)] failed to observe any association between smoking and BC incidence. Secondly, the results of subgroup analyses among different studies were high inconsistent (33, 34), or even reversed, such as subgroup analyses on menstrual status and BC subtypes. Third, published meta-analyses on the topic have also not reached consistent conclusions. Although most meta-analyses on active smoking suggest that smoking increases the incidence of BC, the conclusions of subgroup analyses are inconsistent (35, 36), and the meta-analyses on passive smoking are more inconsistent (37, 38). The last relevant meta-analysis was conducted and published in 2018. As of 2021, there are 153 million adult female smokers (including smoking, secondhand, and chewing) worldwide, accounting for 12% (39) of global smokers. Therefore, based on the inconsistency of previous studies, the large smoking population and the significant disease burden caused by tobacco (40), this study aimed to investigate the relationship between smoking and BC by conducting a systematic review and meta-analysis by searching for relevant observational studies. Therefore, it can provide a preventive reference for the female group and create greater value for the society.



Materials and methods


Search strategy

A comprehensive search of studies investigating the association between smoking and BC was carried out before February 2022 in electronic databases of PubMed, Web of science, EBSCO, and the Cochrane Library. The complete retrieval formula that was used to identify the related studies includes: (“breast cancer” OR “breast neoplasms” OR “BC”) AND (“smoking” OR “tobacco smoke pollution” OR “tobacco use” OR “tobacco products” OR “active smoking” OR “passive smoking” OR “secondhand smoking” OR “tobacco”). The reference lists of retrieved studies and conference records were also reviewed for potentially inclusive studies. When referring to duplicate literature, the original article was included if the study was published as an abstract or an original article. Also, if a study was continuously updated and reported, only the most recent or comprehensive articles were included. This meta-analysis was conducted according to the Meta-Analysis of Observational Studies in Epidemiology (MOOSE) guidelines (41). The population, intervention, comparison, outcome, and setting (PICOS) criteria were used to describe the research question. Participants in this study were people who had not previously been diagnosed with BC, the intervention was exposure to tobacco environments, including active and passive smoking, the comparison was a non-smoker, the outcome was the incidence of BC, and the setting was observational research. This meta-analysis’s prospero registration number was CRD42022322699.



Selection criteria

An eligible criterion was formulated. The specific criteria were as follows. Inclusion criteria: (1) all included studies are observational studies. (2) The main exposure of study was smoking including active and passive smoking, and the outcome was BC risk. (3) All studies included available data which reported the relationship between smoking and BC. Exclusion criteria: (1) the study was conducted on BC population and used mortality or recovery rate as the outcome. (2) The study was published in duplicate. (3) The study was not published in English.



Data collection and quality assessment

A jointly agreed data collection form was used to extract all data. Information was extracted as follows: the author’s name, year of publication, study type, age, exposure assessment, number of participants, number of BC cases, number of smokers, number of non-smokers, variables adjusted in the statistical analyses, and outcomes. To ensure the objectivity and accuracy of the data, two researchers independently extracted data from each study. Disagreements were resolved by consensus or consultation with a third researcher.

The quality of each included study was evaluated by the Newcastle-Ottawa Quality Assessment Scale (NOS) checklist, a tool used for quality assessment of non-randomized studies. NOS checklist is composed of eight items classified into three aspects, including selection, comparability, and outcome. The maximum scores of this checklist were nine, and scores between seven and nine were identified to be of higher study quality.



Objectives and endpoints

The primary objective was to explore the relationship between smoking and the incidence of BC. Secondary objectives were to explore the relationship between the incidence of BC and smoking subgroups (e.g. smoking pattern, smoking time, smoking frequency, smoking place, smoking cessation time, age of starting smoking), the relationship between smoking and BC in different populations (e.g. fertility status, menopausal status, race), and the association between smoking and different BC subtypes (e.g. estrogen receptor-positive (ER+) BC, estrogen receptor-negative (ER-) BC). The results after adjusting for relevant confounding factors were used consistently for the processing of relevant data from the included articles.



Statistical analysis

The Stata software version 12 (StataCorp, College Station, Texas, USA) was used to analyze the data. The confidence interval (CI) of odd ratio (OR) was set at 95% to examine the relationship between smoking and BC risk. Heterogeneity of included studies was tested by Q statistic and I2 statistic to quantitatively assess inconsistency. For statistical results, values of p<0.10 and I2>50% were considered to be representative of having statistically significant heterogeneity. Based on the heterogeneity of smoking intensity, smoking duration, race, BC subtype, etc. in different studies, in order to improve the reliability of the results, the random effects model was uniformly used in this study. When more than ten studies were included, sensitivity analysis and publication bias test were performed to evaluate the stability and reliability of their results. Publication bias was evaluated by the Begg’s test. Results with P-values less than 0.05 were considered to be statistically significant.




Results


Literature search

A total of 19,746 relevant articles were identified based on retrieval formula described in the methods section by initial search in PubMed, EBSCO, Web of Science, and Cochrane Library database. No additional records were identified through other sources. A total of 8,463 duplicate articles were deleted, and 11,283 articles were excluded due to the title or abstract. The remaining 932 articles were reviewed through full-text. Among them, 855 articles were eliminated because of being non-observational study (n=339), duplicate publication (n=218), not exploring the risk of BC (n=176), no relevant results reported (n=85), and not published in English (n=37). Eventually, 77 articles (13, 32–34, 42–115) composed of 2,326,987 participants were selected for this meta-analysis. The detailed search and study selection process was shown in Figure 1.




Figure 1 | A schematic flow for the selection of articles included in this meta-analysis.





Characteristic of studies

Of the 77 included studies, 24 were cohort studies (2,138,338 participants and 55,703 BC cases), 53 were case-control studies (188,649 controls and 58,859 BC cases). The participants in the two studies included men and women, and the rest were women. All studies were published between 1988 and 2022, with follow-up periods ranging from 6 to 24.6 years. Regarding age at recruitment, eight studies did not set the upper age limit, four studies did not set a lower age limit and four studies did not report the requirement for age. Among them, 30 studies were conducted in America, 24 were in Asia, 22 were in Europe, and 1 was in Oceania. Fifty-six studies investigated the association between active smoking and BC risk, 39 investigated the association between passive smoking and BC risk. The number of smokers (included active and passive smokers) was 1,326,603 in cohort studies and 108,175 in case-control studies. In order to collect data and evaluate relevant exposure factors, 59 studies chose questionnaire, 9 studies chose interview, and 9 studies chose questionnaire combined with interviews. In addition, the adjustment of potential confounding factors varied in different studies. Most of the adjustment parameters were age, body mass index (BMI), family history of BC, total energy intake, alcohol consumption, number of births, and physical activity. The characteristics of the included studies were shown in Table 1 and Supplementary Table 1.


Table 1 | Characteristics of included observational studies in the meta-analysis.





Overall effect of active smoking

Fifty-six studies recorded data about active smoking in female population that was inducing BC. Studies had shown that women who actively smoked had a significantly higher incidence of BC than those who had never actively smoked (OR=1.15, 95% CI=1.11-1.20, p<0.001, I2 = 54.9%). Among them, current active smoking (OR=1.12, 95% CI=1.08-1.16, p=0.007, I2 = 40.1%) and former active smoking (OR=1.09, 95% CI=1.06-1.12, p<0.001, I2 = 33.3%) had a significantly increase on the incidence of BC, but current active smoking increased the incidence of BC more than former active smoking. In other words, active smoking is a risk factor for women, and the population who is still active smoking is under more risk than the population who quit smoking after active smoking. In addition, cohort studies (OR=1.13, p<0.001) and case-control studies (OR=1.19, p<0.001) had consistently concluded that active smoking increases the risk of BC in women. The detailed data was contained in Table 2.


Table 2 | Effects of active smoking on breast cancer incidence.





Menopausal status

The correlation between smoking and BC is affected by menopausal status. Related data were available in 23 studies with premenopausal BC and 25 with postmenopausal BC. The analysis showed that active smoking increases the incidence of premenopausal BC (OR=1.24, 95% CI=1.17-1.32, p<0.001, I2 = 6.2%), but had no effect on postmenopausal BC (OR=1.03, 95% CI=0.97-1.10, p=0.314, I2 = 30.8%) with slight heterogeneity. The detailed data was contained in Table 2.



Smoking duration

Years were used to measure smoking duration in this study. The related data were divided into ‘<20 years group’, ‘20-30 years group’, ‘30-40 years group’, and ‘>40 years group’ according to the most studies. The results showed that women who smoked for less than 20 years (OR=1.06, p<0.001), 20-30 years (OR=1.15, p<0.001), 30-40 years (OR=1.15, p<0.001), and more than 40 years (OR=1.22, p<0.001) had a higher incidence of BC than those without smoking history. The incidence of BC was positively correlated with smoking duration. The detailed data was contained in Table 2.



Smoking intensity

Cigarettes per day were used to measure smoking intensity in this study. The data is grouped by 10 cigarettes per day, 20 cigarettes per day, and 30 cigarettes per day. Subgroup analysis showed smoking which less than 10 cigarettes per day (OR=1.06, p=0.001), between 10-20 cigarettes per day (OR=1.19, p<0.001), between 20-30 cigarettes per day (OR=1.16, p<0.001), and more than 30 cigarettes per day (OR=1.18, p=0.001) increased the incidence of BC with statistical significance. The incidence of BC increased with the increase of smoking intensity. The detailed data was contained in Table 2.



Pack-years smoked

Pack-years were used to simultaneously assess smoking duration and smoking intensity. Pack-years were defined as the product of the number of cigarettes smoked per day and the number of years of smoking. According to the grouping criteria of the included studies, this study divided the relevant data into ‘<10 pack-years group’, ‘10-20 pack-years group’, ‘20-40 pack-years group’, and ‘>40 pack-years group’. The analysis showed that women who smoke with less than 10 pack-years (OR=1.05, p=0.005), 10-20 pack-years (OR=1.11, p<0.001), 20-40 pack-years (OR=1.21, p<0.001), and >40 pack-years (OR=1.17, p<0.001) had a higher incidence of BC than those who had never smoked. The detailed data was contained in Table 2.



Age started smoking

In this study, smoking initiation age was divided into ‘<16 years group’, ‘17-19 years group’, and ‘>20 years group’. The results suggested that active smoking, regardless of the age at which smoking started is younger than 16 years old (OR=1.11, 95% CI=1.07-1.15), between 17-19 years old (OR=1.06, 95% CI=1.12-1.20), or older than 20 years old (OR=1.08, 95% CI=1.04-1.11), would significantly increase the incidence of BC in women with slight heterogeneity. The detailed data was contained in Table 2.



Years since quitting

Years of quitting smoking were used to measure the effect of smoking cessation in the participants. Data were grouped by 10- and 20-year cessation years. Subgroup analysis showed that previous smoking history remained a risk factor for BC among women who had quit smoking for less than 20 years. Among them, the harm of previous smoking history to women who quit smoking for less than 10 years (OR=1.27, 95% CI=1.15-41, p<0.001) is significantly greater than that to those who quit smoking for 10-20 years (OR=1.05, 95% CI=1.00-1.09, p=0.046). With increased time to quit smoking comes a reduction in the harm caused by previous smoking history. Previous smoking history was no longer an observable risk factor for BC in women who had quit smoking for more than 20 years (OR=1.01, 95% CI=0.97-1.06, p=0.552). The detailed data was contained in Table 2.



Fertility status

Six studies explored the association between active smoking and BC in different fertility statuses. The analysis showed that active smoking can increase the risk of BC in the multiparous population (OR=1.13, 95% CI=1.07-1.20, p<0.001), but had no effect on BC in the nulliparous population (OR=1.05, 95% CI=0.92-1.20, p=0.432) without heterogeneity. The detailed data was contained in Table 2.



Active smoking before/after the first birth

Regarding the relationship between active smoking and BC risk before/after the first birth, 24 studies contained data before the first birth and 22 studies contained data after the first birth. The results of the analysis showed that active smoking significantly increased the incidence of BC, regardless of whether the mother was smoking before the first birth (OR=1.22, 95% CI=1.17-1.27, p<0.001) or smoking after the first birth (OR=1.08, 95% CI=1.04-1.12, p<0.001), with slight heterogeneity. Furthermore, active smoking before the first birth had a greater impact on inducing BC than active smoking after the first birth. The detailed data was contained in Table 2.

Among those who actively smoked before the first birth, data were grouped by 5 years of smoking. Subgroup analysis showed that active smoking before the first birth increased the risk of BC whether the duration of smoking less than 5 years (OR=1.06, p=0.023) or more than 5 years (OR=1.24, p<0.001). There was a positive correlation between the smoking duration before the first birth and the risk of BC. Among those who have actively smoked after the first born, data were grouped by 10 years of smoking. Subgroup analysis showed that active smoking after the first birth had no effect on BC whether the duration of smoking less than 10 years (OR=1.00, p=0.922) or more than 10 years (OR=1.06, p=0.077). However, with the increase of smoking duration, active smoking had a tendency to harm the female population after the first birth by inducing BC. The detailed data was contained in Table 2.



BC subtypes

Six studies examined the association between active smoking and BC subtypes. The results showed that active smoking increased the incidence of ER+ BC (OR=1.13, 95% CI=1.08-1.18, p<0.001), but had no effect on ER- BC (OR=1.08, 95% CI=0.97-1.19, p=0.155), without heterogeneity. The detailed data was contained in Table 2.



BC subtypes and smoking duration

This study grouped data by 10-year active smoking aimed to investigate the correlation between different smoking duration and BC subtype. The analysis showed that active smoking for less than 10 years did not increase the incidence of BC, regardless of whether it was ER+ BC (OR=0.99, p=0.870) or ER- BC (OR=1.02, p=0.699). Active smoking for more than 10 years had no effect on ER- BC (OR=1.08, p=0.105), but could increase the incidence of ER+ BC (OR=1.14, p=0.007). The detailed data was contained in Table 2.



BC subtypes and smoking intensity

This study investigated the effect of smoking on BC subtypes at different smoking intensities by grouping data at 10 cigarettes per day boundaries. Subgroup analysis showed that smoking less than 10 cigarettes per day (OR=1.08, p=0.041) and more than 10 cigarettes per day (OR=1.18, p=0.002) could increase the risk of ER+ BC, and the risk was positively related to smoking intensity. For ER- BC, smoking less than 10 cigarettes per day had not been discovered as being effective (OR=0.97, p=0.603), However, smoking more than 10 cigarettes per day could increase the risk of suffering from ER- BC (OR=1.18, p=0.049). The results suggested that the occurrence of ER+ BC was more likely to be affected by active smoking than ER- BC. The detailed data was contained in Table 2.



Overall effect of passive smoking

Thirty-nine studies documented BC risk data from passive smoking in women. The analysis showed that the risk of BC was significantly higher among women who passively smoked than those without passive smoking episode (OR=1.17, 95% CI=1.09-1.24, p<0.001, I2 = 59.2%). Among them, current passive smoking had a significant effect on BC (OR=1.31, 95% CI=1.08-1.60, p=0.007, I2 = 27.6%), but such history had no effect on BC (OR=1.18, 95% CI=0.97-1.43, p=0.107, I2 = 42.5%). This suggests that passive smoking, especially current passive smoking would increase the risk of BC. Furthermore, cohort studies (OR=1.08, 95% CI=1.03-1.13) and case-control studies (OR=1.15, 95% CI=1.14-1.39) had consistently concluded that passive smoking increases the risk of BC in women. The detailed data was shown in Table 3.


Table 3 | Effects of passive smoking on breast cancer incidence.





Menopausal status

Eleven studies included data on the relationship between passive smoking and BC in different menopausal states. The analysis showed that passive smoking increased the risk of premenopausal BC (OR=1.29, 95% CI=1.13-1.49, p<0.001, I2 = 37.3%), but had no effect on the incidence of postmenopausal BC (OR=1.13, 95% CI=0.93-1.36, p=0.218, I2 = 73.5%). The detailed data was contained in Table 3.



Places exposed to passive smoking

Regarding the relationship of passive smoking and BC in different exposure places, 11 studies had data on home exposure, 11 studies had data on work exposure, and 5 studies had data on both home and work exposure. Subgroup analysis showed no relationship between passive smoking and BC incidence in different passive smoking exposure settings. However, passive smoking exposure at work (OR=1.09, p=0.051) and exposure at both home and work (OR=1.40, p=0.051) had a trend of harm to female population. The detailed data was contained in Table 3.



Age stage exposure to passive smoking

In terms of the association between passive smoking and BC at different exposure ages, 16 studies had data on exposure in childhood, 15 studies had data on exposure in adult, and 8 studies had data on exposure in children and adult. Subgroup analyses showed that passive smoking increased BC risk regardless of exposure to childhood (OR=1.15, p=0.002), adult (OR=1.21, p=0.014), or both childhood and adult (OR=1.49, p=0.003). Among them, the increased risk of BC in those with simultaneous exposure in childhood and adult was significantly greater than that in those only with a single age group. The detailed data was contained in Table 3.



Years passive smoked

Years were used to measure the duration of passive smoking exposure in this study. The relevant data were divided into ‘less than 10 years group’, ‘10-20 years group’, ‘20-30 years group’, and ‘more than 30 years group’, in the way most studies were segmented. This study showed that passive smoking which duration was less than 10 years in female population had no effect on BC (OR=0.99, p=0.876), while passive smoking exposure for 10-20 years (OR=1.13, p=0.011), 20-30 years (OR=1.38, p<0.001) and more than 30 years (OR=1.35, p=0.004) had a significant impact on the incidence of BC, compared to women who had never smoked. In all, increased incidence was positively correlated with longer duration of passive smoking exposure. The detailed data was contained in Table 3.



Study quality

The NOS checklist was adopted to objectively evaluate the quality of included observational studies in this meta-study. 95.83% of the cohort studies were of high quality (NOS score >7), while 94.33% case-control studies were of high quality (NOS score >7). The quality ratings of cohort and case-control studies were listed in Supplementary Tables 2 and 3.



Publication bias and sensitivity analysis

Publication bias was evaluated by the Begg’s test. The results of Begg’s test indicated the absence of publication bias among included articles (p>0.05). Sensitivity analysis was used to assess whether the individual studies affected the overall results or not. The results indicated that the analysis was relatively stable.




Discussion

Through data analysis, this study found that smoking (active and passive) increases the risk of BC in women, with cohort and case-control studies showing consistent conclusions. Subgroup analysis of smoking-related factors showed that the effect of smoking on BC was positively correlated with smoking intensity and smoking duration. Among active smokers, current active smoking is more harmful to women than previous active smoking. With the increase of smoking cessation time, the harm of previous smoking history to the female population decreased. No differences were observed in the effect of smoking on BC at different starting ages. Among passive smokers, current passive smoking increases the incidence of BC, but past passive smoking does not. No differences in the effects of smoking on BC were observed between different passive smoking exposure sites and exposure age groups.

Subgroup analyses of population-related factors showed that smoking significantly increased the risk of BC in the multiparous population, but not in the nulliparous population. Smoking before the first birth has a greater effect on BC risk than smoking after the first birth. The risk of BC increases in women of different reproductive statuses with increasing duration of smoking.

Subgroup analysis of BC-related factors showed that smoking increases the risk of premenopausal BC, but has no effect on postmenopausal BC. At the same time, it can be clearly observed that smoking increases the risk of ER+ BC, and it is positively correlated with smoking duration and smoking intensity. For ER-BC, there was a trend of harm to women from smoking with increasing duration and intensity of smoking, but the difference did not reach statistical significance.

There is no consensus on the mechanism by which smoking increasing the risk of BC in women. The mainstream view is that smoking-specific DNA adducts (116, 117) (chemical carcinogens are activated by enzymes into electrophile and covalent combined with DNA, which are used to show DNA damage of specific carcinogens in human tissues (118)), mutations, and mal-regulated signaling pathways (119) represented by p53 [genes that inhibit cells from turning into cancer cells (75)] are the most important factors in BC (120). Animal and in vitro studies have shown that fat-soluble mutagenic compounds (121) in tobacco smoke, such as polycyclic hydrocarbons (122), aromatic amines (20) and N-nitrosamines (123), are major components of DNA adducts that can induce breast tumors (117) and have been detected in human milk (116). Compared with nonsmokers, detectable increases in cancer-causing DNA adducts were found in BC tissues and normal tissue adjacent to tumors in smokers (34, 124). In addition, studies have found that tobacco alters the incidence and spectrum of p53 mutations in breast cells, making smokers significantly more likely to carry p53 mutations (125). The potentially increased mutations affect related signaling pathways in smokers’ breast cells, hinder damage DNA repair and apoptosis, cause the body to be unable to respond to oncogenic signals, and ultimately induce tumors (126). The longer the exposure and the greater the intensity, the greater the effect (127). The starting point for these mechanisms is the compounds in tobacco smoke, which are present both in the smoke inhaled by smokers (mainly active smokers) and in the smoke exhaled by smokers and the end of lit cigarettes (mainly passive smokers) (128). This supports the conclusion in this study that both active smoking and passive smoking can induce BC in women, and confirms the biological plausibility of the positive correlation between BC risk and smoking intensity and duration. In addition, smoking status was correlated with the levels of carcinogenic DNA adducts in normal tissues adjacent to tumors, with a significant linear trend in the levels of carcinogenic DNA adducts in never-smokers, former smokers, and current smokers (19). When tobacco exposure was stopped, cancer cells became less active and the mutant gene was partially restored (34, 129). This supports our findings that the risk of current smoking is greater for women than previous smoking, and that the risk of BC from previous smoking decreases as the duration of cessation increases.

A relatively new view is that the harmful effects of smoking on BC depend on the antagonism of the estrogen-like and anti-estrogen-like effects of tobacco. According to previous studies, the health of the female breast is affected by the level and proportion of estrogen and progesterone (130, 131). Long-term exposure to estrogen or increased cell response to estrogen is an important risk factor for BC development (132, 133). On the one hand, carcinogenic metal-like metals in tobacco (106, 134), such as cadmium, chromium and arsenic, can induce estrogen receptor activation through hormone-binding domains and play estrogen-like roles in cell culture and animals (134). On the other hand, polycyclic aromatic hydrocarbons substances in tobacco play an anti-estrogen-like effect by competing with estrogen receptors or inducing hormone metabolism to reduce the level of active estrogen in the body (135, 136). At present, researchers tend to believe that the estrogen-like effect of tobacco and its carcinogenic effect are far superior to the breast protective effect brought by the anti-estrogen effect (114, 137). The anti-estrogen effect may cause breast cells to increase the number of estrogen receptors and enhance the sensitivity to estrogen, thus leading to the occurrence of hormone-sensitive tumors (138). There is accumulating evidence that ER+ and lobular BCs are more sensitive to ovarian hormones than are ER- and ductal cancers (139, 140). This may explain why smoking increases the incidence of ER+ BC, and the risk is positively correlated with the duration and intensity of smoking, but had no effect on ER- BC. In addition, premenopausal women have active gonadal function and secrete more estrogen (12, 129), which further aggravates the imbalance between estrogen and anti-estrogen effect on the basis of estrogen-like effect caused by tobacco, thus more likely to lead to the higher occurrence of BC (141). This supports the conclusion in this study that smoking increases the risk in premenopausal BC development, but not in postmenopausal BC development.

Based on the above two theories, tobacco exposure during the critical period is also considered to be an important factor affecting the occurrence of BC (100, 142). Animal models show that breast tissue is highly differentiated from puberty to the first full-term pregnancy, during which time the rapidly dividing cells are susceptible to malignant transformation due to carcinogens (143, 144). This period is therefore considered to be the period when tobacco smoke causes the greatest carcinogenic damage to breast tissue (145). During or after pregnancy, the second stage of BC carcinogenic damage is considered to be due to the onset of lactation, when breast cells are again active proliferation and vulnerable to tobacco smoke (146, 147). This may explain why smoking before the first birth had a greater impact on BC risk than smoking after the first birth. Unfortunately, no significant difference was observed in the subgroup analysis of the effect of smoking initiation on BC at different age in this study. In addition, increased exposure to estrogen (148), progesterone (149), and insulin-like growth factor (increased by growth hormone) (150) during pregnancy has been associated with promoting BC cell proliferation, which can trigger and/or promote tumors during continued tobacco exposure, known as “pregnancy-associated BC” (151–153). Epidemiological studies have found a higher incidence of BC in all multiparous women with, compared to all multiparous women regardless of their age (154–157). The higher incidence rate of BC in the multiparous population and the impact of tobacco exposure on estrogen levels in pregnant people may explain why smoking significantly increases the risk of BC in the multiparous population, but had no impact in the nulliparous population.

According to the above mechanisms and the characteristics of different included studies, we believe that the reasons for the differences between different studies may be as follows: First, each study has different assessment methods for exposure factors. Questionnaires and interviews both produce recall bias. The rigor of questionnaire design and the professionalism of interviewers will affect the validity of data collection, which makes researchers inevitably biased when exploring the relationship between smoking and BC; second, The duration of follow-up in the included studies varied considerably. The occurrence of BC often takes years to decades, and there is no exact number of years, but a longer follow-up period can often find more cases of BC, which can provide more abundant research data, conversely, a shorter follow-up period Time, not only limited the researchers’ discovery of the association between smoking and BC, but also prevented subgroup analyses; third, different studies defined smoking differently. According to World Health Organization (WHO) regulations, people who smoke continuously or cumulatively for 6 months or more are smokers in some studies, some studies extend the duration to 1 year, and some studies define smokers as long as they smoke. Different criteria make the baseline status of the control population different, and although the concentration of carcinogens in tobacco is not high, it may still have an impact on the final results with long-term follow-up. Therefore, we believe that the results of the study can be improved by shortening the time between two follow-up visits, increasing the number of follow-up visits, and updating them in a timely manner. In addition, large-scale cohort studies are still a feasible way to verify the conclusions of this study and narrow the differences between different studies.

Reviewing the same type of studies, A-sol Kim et al.’s study (158) reached a similar conclusion to the present study that passive smoking increases the risk of BC in women (OR=1.23, 95%CI=1.10-1.38). However, they did not perform subgroup analysis on population and smoking factors, thus could not provide reference to the female population from multiple aspects. Moreover, they only included those who had never smoked, did not consider those who had previously smoked and had successfully gone through smoking cessation. These may have led to their findings being overestimated and lacking reliability. The study by Lisa A DeRoo et al (159) did not find any association between smoking and BC. This may be due to the limited number of studies they included, or it may be that the low concentration of carcinogens in tobacco with a long latency to harm the breast make the relationship between smoking and BC not easily observed.

While this meta-analysis yielded comprehensive and objective conclusions, there were still some potential limitations to consider. Firstly, the design, study population, sample size, risk assessment, and adjustment for related confounding factors varied among the included studies, which may bias the results and reduce the confidence of the conclusions. Therefore, this study used a random-effects model to evaluate the effect of smoking on BC. Secondly, most studies used questionnaires to assess smoking exposure, and a few used the form of interviews or a combination of interviews and questionnaires, therefore inevitably led to evaluation bias or recall bias during the evaluation, especially the case-control studies nested in the cohort, which may bias the findings. Therefore, this study selected relevant data adjusted for the largest number of potential confounders for statistical analysis to improve the accuracy of the conclusions. Thirdly, some trials did not report more adequate subgroup data, such as BC type subgroup data, fertility status subgroup data, etc., which made it very difficult to conduct some subgroup analyses in this study.

Apart from its limitations, this meta-analysis had its own strengths. Firstly, this study included a large number of observational studies including more than 2.3 million participants in Asia, Europe, America, and Oceania. The larger observational population increases the reliability and authenticity of the conclusions of this study. Additionally, this study grouped the extracted data (by smoking related factors, population related factors, BC-related factors) and performed subgroup analysis to comprehensively explore the possibility of the effect of different kinds of smoking on different populations, different BC types from different aspects. Overall, this meta-analysis led to some meaningful conclusions that may provide a new reference for BC prevention in the female population.



Conclusion

This meta-analysis found that smoking (active and passive smoking) increases the risk of BC in the female population, especially premenopausal BC and ER+ BC, but had no effect on postmenopausal BC and ER- BC. The risk of BC was positively associated with the longer duration and stronger intensity of smoking, negatively associated with the duration of smoking cessation. Smoking increases BC risk in the multiparous population, but had no effect in the nulliparous population, where smoking before the first birth had a larger effect on BC risk than smoking after the first birth.
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Triple-negative breast cancer (TNBC) is a particularly aggressive and invasive breast cancer subtype and is associated with poor clinical outcomes. Treatment approaches for TNBC remain limited partly due to the lack of expression of well-known molecular targets. Small extracellular vesicles (sEVs) carrying a variety of bioactive contents play an important role in intercellular communications. The biomolecules including nucleic acids, proteins, and metabolites can be transferred locally or systematically to recipient cells and regulate their biological states and are involved in physiological and pathological processes. Recently, despite the extensive attraction to the physiological functions of sEVs, few studies focus on the roles of sEVs in TNBC. In this review, we will summarize the involvement of sEVs in the tumor microenvironment of TNBC. Moreover, we will discuss the potential roles of sEVs as diagnostic markers and treatment therapy in this heterogeneous breast cancer subtype. We finally summarize the clinical application of sEVs in TNBC.
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Introduction

Breast cancer has been globally the most frequent cancer affecting women. Triple-negative breast cancer (TNBC) accounts for approximately 15%–20% of all breast cancer cases and generally demonstrates more aggressive biology with higher grades, more advanced stages at diagnosis, and poorer long-term clinical outcomes compared to other breast cancer subtypes (1–3). It is defined by the absence of expression of the estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor 2-receptor (HER2), which are molecular markers to guide treatment and predict prognosis (4–6). Hence, TNBC does not respond to endocrine therapy or other available targeted drugs. Traditional therapeutic approaches such as surgery and systemic chemotherapy are still the first-line treatment for TNBC. However, recurrence and metastases frequently occur in the first 3 years, and the 5-year survival rate is lower than that of other subtypes (7). Therefore, it is urgent to understand the biological profiles of TNBC to develop novel effective therapeutic strategies.

Extracellular vesicles (EVs) can be secreted by nearly all cell types and are found in all biological fluids, including blood, urine, saliva, tears, breast milk, cerebrospinal fluid, amniotic fluid, seminal fluid, and lymphatic fluid (8, 9). They encompass various bioactive molecules such as nucleic acids (mRNA, miRNA, DNA, etc.), lipids, proteins, and even pharmacological compounds (10, 11). Based on particular biogenesis pathways, EVs are classified into three subgroups: endosome-origin exosomes, plasma membrane-derived microvesicles (MVs), and apoptotic bodies (12). Exosomes are secreted and released into the extracellular milieu after the multivesicular body (MVB) fuses with the plasma membrane and released the intraluminal vesicles inside (13–15). MVs are shed from the outward protrusion of the plasma membrane, and apoptotic bodies are released via blebbing of the plasma membrane during the late stages of cell death (16–18). Although exosomes are endowed with exquisite activities, they are still lacking experimental support, and there is no consensus on specific markers of EV subpopulations. It was suggested in the MISEV2018 guideline that EVs are defined considering a certain size range as small EVs (<200 nm) and medium/large EVs (>200 nm) (19). Hence, we use the term sEVs to refer to endosome-origin exosomes. Recently, sEVs have emerged as critical mediators of intercellular communication through local and systemic transfer of biological molecules, thereby involved in a variety of physiological and pathological processes. It is suggested that further analysis of sEV contents can unveil the molecular mechanisms involved in tumor progression. Despite limited knowledge of the composition, categories, and functions of sEVs, they still have immense potential as diagnostic biomarkers and therapeutic targets in cancer treatment. In this review, we will briefly report recent studies on sEV communication with the tumor microenvironment in TNBC and summarize the clinical application of sEVs in diagnosis and treatment in TNBC.



Fields of unsolved problems in triple-negative breast cancer

Although the characterization of TNBC results in the phenotypic absence of ER, PR, and lack of overexpression of HER2, TNBC is a heterogeneous disease comprising various breast cancer subtypes according to the receptor expression profiles. Pathologic and molecular studies revealed that TNBCs correspond to basal-like breast cancers. It has been reported that basal-like markers, including keratin 5, EGFR, and laminin, could be used to classify TNBC (20, 21). However, TNBC is not completely equal to basal-like tumors since 21% of TNBCs are not basal-like, whereas 31% of basal-like are not triple-negative (22). It is necessary to further study the genomic, molecular, and biological bases of TNBC, leading to the identification of novel therapeutic targets. According to gene expression profiles, TNBC was classified into six subtypes, including basal-like 1 (BL1), basal-like 2 (BL2), immunomodulatory (IM), mesenchymal (M), and mesenchymal stem-like (MSL) groups and luminal androgen receptor (LAR) (23). It was demonstrated that the BL1 and BL2 subtypes displayed higher expression of cell cycle and DNA damage response genes, and M and MSL were enriched for epithelial–mesenchymal transition and growth factor signals. The IM subtype was enriched for gene ontologies in immune cell processes, including immune cell signaling (TH1/TH2 pathway, NK cell pathway, B-cell receptor signaling, DC pathway, and T-cell signaling), cytokine signaling (IL-12 and IL-7 pathways), antigen processing, presentation, and key immune signal transduction pathways (such as NF-κB, TNF, and JAK-STAT signaling). The LAR subtype was characterized by androgen receptor (AR) signaling and was associated with decreased relapse-free survival. In addition, it identified four stable TNBC subtypes—LAR, mesenchymal (MES), basal-like immune suppressed (BLIS), and basal-like immune activated (BLIA)—based on mRNA and DNA profiles (24). BLIS tumors have the worst prognoses, while BLIA tumors have the best prognoses. It was revealed that the LAR, MES, BLIS, and BLIA subtypes displayed amplification of specific genes CCND1, EGFR, FGFR2, and CDK1, respectively. These results promote the development of TNBC subtype-specific molecularly targeted therapy and immune treatment.



Biogenesis and contents of small extracellular vesicles


Biogenesis and secretion of small extracellular vesicles

sEVs are nano-sized (30–150 nm) vesicles released by almost all cell types and widely present in biological liquids. It was first discovered by the Johnstone team in 1983 that these small particles were associated with the release of transferrin receptors during the maturation of sheep reticulocytes (25) (26). Later, these functional vesicles were defined as exosomes by Johnstone in 1989 (27). sEVs were initially thought to act as the transporter for cells to get rid of metabolic waste (28). It has been recently proved that the secretion of exosomes was an alternative approach to eliminating cellular metabolic products to maintain cellular homeostasis (29, 30). Moreover, growing studies have revealed that sEVs play a critical role in cell-to-cell communication and get involved in both physiological and pathological processes (31–33). Significantly, accumulating evidence demonstrates that tumor-derived sEVs help prepare a suitable microenvironment for cancer cell colonization and distal metastasis (34, 35).

The release of sEVs requires several cellular steps, including the generation of intraluminal vesicles (ILVs) from MVBs, fusion of MVBs with the plasma membrane, and sorting of distinct sEV cargoes (36–38). As shown in Figure 1, sEVs originate from the endosomal pathway by the formation of early endosomes and late endosomes/MVBs. Extracellular fluids and constitutions enter the cells through endocytosis, and the plasma membrane invaginates. Then, internalized contents are sorted into early endosomes. Subsequently, late endosomes/MVBs are formed from early endosomes mediated by endosomal sorting complexes required for transport (ESCRTs) and other associated proteins such as ALIX and CD63 and lipids according to ESCRT-dependent machinery. Finally, MVBs are transported to plasma membrane through the cytoskeletal and microtubule networks and either fuse with lysosomes or autophagosomes to be degraded or fuse with the cell surface, whereby exosomes are secreted (39, 40). Some other studies reported that sEV formation can occur without ESCRTs since multivesicular endosomes containing ILVs existed despite the absence of all four ESCRT complexes (ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT-III) (41–43). The mechanism of sEV biogenesis in an ESCRT-dependent or ESCRT-independent manner may not be completely separated. Furthermore, the cell type and/or cellular homeostasis may have an important influence on the secretion of sEVs.




Figure 1 | Schematic representation of small EV (sEV) biogenesis and typical structure of sEVs. Within the endosomal system, internalized contents through endocytosis are sorted into early endosomes, which subsequently mature into late endosomes/multivesicular bodies (MVBs). sEVs are released from the fusion of MVBs and the plasma membrane. sEVs accommodate lipids, nucleic acids (DNA, mRNA, and non-coding RNA), and proteins (surface and intra-vesicular molecules). Middle/large EVs bud directly from the plasma membrane. EV, extracellular vesicle.





Bioactive cargoes of small extracellular vesicles

sEVs accommodate proteins (surface and intra-vesicular molecules), lipids, and nucleic acids (DNA, mRNA, and non-coding RNA), as well as signaling molecules with the lipid bilayer membrane outside (44), as shown in Figure 1. It was identified that some common proteins specifically enriched in sEVs, such as CD63, CD9, and CD81, could serve as sEV markers (45). Some other frequent proteins present in sEVs include ESCRT-I-related protein (Tsg101), lysosome-related membrane glycoproteins (LAMP-1 and 2B), MVB-related protein (ALIX-1), heat shock proteins (Hsp60, 70, and 90), adhesion molecules, major histocompatibility molecules (MHC-II), and membrane-binding proteins (annexins) (46–49). These common proteins possess the potential of packaging specific protein molecules into sEVs or carrying targeting molecules on the surface of sEVs, and most of them are transmembrane proteins. It was reported that ALIX recruited ESCRT-III proteins onto late endosomes containing lysobisphosphatidic acid (LBPA) and triggered the formation of ILVs containing CD9, CD81, and CD63 in an ESCRT-independent way (50). Although sEVs contain a common series of components, different results were found in different studies. This may be due to those isolated vesicles being a heterogeneous subpopulation. The heterogeneity is reflective of their cell source, contents, and functional effects on recipient cells. For instance, proteomic analysis of breast cancer cell lines and their sEVs showed that the cell of origin was epithelial-like or mesenchymal-like (51). Proteomic analysis of sEVs isolated from cells with different metastatic propensity demonstrated that the amount and the extent of cancer-related protein cargo vary significantly between non-metastatic and metastatic cell-derived sEVs (52). It was identified that the expression levels of several members of the tetraspanins family (Tetraspanin-14, CD9, CD63, and CD81) were increased in tumor-derived sEVs compared to non-invasive cell line-secreted sEVs. Moreover, sEVs from highly metastatic breast cancer cells induced greater motility (53).

Apart from proteins and peptides, RNA contents, especially miRNAs, have attracted much attention due to their regulatory roles in gene expression. Through a deep sequence of global expression data of a series of cell lines, a subset of miRNAs such as miR-150, miR-142-3p, and miR-451 were generally selected and enriched in sEVs (54). However, some reports have shown that expression levels of sEV-miRNAs differed among various cell lines, as well as the same cell lines under different physiological conditions. The expression level of sEV-miR-21 was lower in the serum of healthy donors than that from glioblastoma patients’ serum (55). Moreover, it was found that miR-451 was highly expressed in sEVs derived from normal cells (e.g., primary T lymphocytes and HMC1 cell) (56, 57). The sorting of miRNAs into exosomes did not randomly occur. It was described that heterogeneous nuclear ribonucleoprotein A2B1 (hnRNPA2B1) was sumoylated and controlled the loading of miRNA into sEVs by binding to them (58). In addition, SYNCRIP, HuR, and major vault protein (MVP) were identified to be involved in the selective incorporation of bioactive cargos into sEVs (59–61). The sEV-lipid composition should be normally consistent with the composition of a lipid bilayer. It was well established that there is an asymmetric distribution of lipid classes in the two leaflets of the plasma membrane, with sphingolipids and phosphatidylcholine (PC) present in the outer leaflet, and other lipid classes located in the inner leaflet (62). The microenvironment and the inherent property may influence the number, contents, and biomarkers of sEVs, but the precise mechanisms of whether and how these bioactive cargoes are sorted and uploaded into sEVs remain unknown.




Components of small extracellular vesicles involved in triple-negative breast cancer progression

Since sEVs are involved in intercellular communication through transferring content cargoes, they can contribute to tumor microenvironment interactions, including angiogenesis, immune escape, tumor proliferation, invasion, distant metastasis, and drug resistance (63–65). It was reported that the secretion level of sEVs in plasma from patients with breast cancer was higher than that in plasma from healthy controls. The sEV-miRNA expression patterns were different between TNBC and HER2-positive patients, such as miR-335, miR-422a, and miR-628 (66). Furthermore, sEV-miR-374 was associated with higher tumor size in TNBC patients, whereas several miRNAs (miR-185, miR-376a, miR-382, miR-410, miR-433, and miR-628) showed association in HER2-positive patients (66). The excessive release of sEVs can be partly ascribed to the upregulation of TSAP6 transcription by activated p53 in response to DNA damage (67). sEVs derived from more invasive TNBC cell lines significantly increased the proliferation, migration, and invasion capacity of all three recipient cell lines (SKBR3, MDA-MB-231, and HCC1954). These vesicles promoted vasculogenesis and subsequent angiogenesis via by stimulating the formation of endothelial tubules (68). sEVs isolated from MDA-MB-231 cells, which are resistant to cisplatin, contained higher expression levels of more than 60 miRNAs compared to those collected from MDA-MB-231 cells. Among these miRNAs, miR-370-3p, miR-423-5p, and miR-373 were the most differentially expressed miRNAs (69). These functional miRNAs may have differential expression levels and possess the potential as diagnostic tools and therapeutic interventions.

In addition to the delivery of miRNAs in sEVs, some sEV proteins were found to participate in cancer progression and metastasis. It was revealed that Rab27A promoted the invasive and pulmonary metastatic potentials of TNBC MDA-MB-231 and HER2+ MDA-MB-435 breast cancer cells (70). Consistently, Rab27a was found to promote tumor progression in part by inducing the secretion of sEVs (71). Treatment with sEVs derived from MDA-MB-231 cells could also promote breast cancer cells migrating to the zebrafish tail, which was mediated by overexpression of thrombospondin-1 (TSP1) suppressing intercellular junction molecules (72). For bone metastasis, sEV release of L-plastin and peroxiredoxin-4 (PRDX4) from MDA-MB-231 cells mediated breast cancer-induced osteolysis. The specific mechanism was that L-plastin stimulated osteoclast formation from late osteoclast precursors in the absence of RANKL through stimulation of calcium oscillations and nuclear translocation of NFATc1 transcription factor (73). It was also proved that CD151 transferred by sEVs derived from MDA-MB-231 helped enhance TNBC cell line (MDA-MB-231 and MDA-MB-468) migration and invasion abilities, and sEV-CD151 was significantly enriched in the serum from TNBC patients (74). These results offer evidence that exosomes have a pathophysiological role in TNBC.

Other components of sEVs were reported to participate in the tumor microenvironment as well. For instance, long non-coding RNAs (LncRNAs) are non-coding RNAs with more than 200 nucleotides that lack protein-coding capability due to the absence of open reading frames and start and stop codons (75). Enhanced expression levels of LncRNA metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) were found in breast cancer cells and secreted sEVs. sEV-MALAT1 from cancer cells could significantly induce TNBC cell proliferation (76). Circular RNAs (CircRNAs) are formed by exon back-splicing by connecting the downstream 5′ splicing site to the upstream 3′ splicing site, and they are characterized by evolutional conservation, high stability, and insensitivity to exoribonucleases (77, 78). It was reported that circular RNA arose from HIF1A gene that was overexpressed in breast cancer tissues and sEVs from the plasma of breast cancer patients. CircHIF1A was demonstrated to enhance TNBC cell growth and migration through modulation of miR-149-5p and NFIB and further promote TNBC progression and metastasis (79). Although a variety of progress has been made in the study of sEVs in recent years, its function in TNBC tumorigenesis is still beginning to be understood. Further, the specific role of sEVs in the TNBC microenvironment should be identified, thereby better applying sEVs in clinical treatment.



The potential for clinical application of small extracellular vesicles in triple-negative breast cancer


Isolation and characterization of small extracellular vesicles

sEVs contain various cargoes (DNA, RNA, protein, lipid, and metabolites) and are enriched with specific cancer-associated contents. They are detected to be relatively stable in biological fluids, such as plasma, urine, semen, saliva, amniotic fluid, and tears. The concentration of sEVs was reported to be higher in the systemic circulation of patients with ovarian, breast, and pancreatic cancers (80, 81). sEVs inherit distinct molecules from their cell source and mimic the behavior of the parental cells. Therefore, sEVs have attracted tremendous interest in the biomarker research field.

To be utilized as diagnostic biomarkers, the first key point is standard isolation and characterization of sEVs. A variety of methods have been proposed to isolate and purify sEVs, and they are generally developed based on isolation by size, immunoaffinity capture, and precipitation (Table 1). However, these methods fail to exclusively isolate sEVs and typically result in complex mixtures of sEVs and other components of extracellular space. Among these methods, differential ultracentrifugation was the first method to be used for sEV isolation and remains the gold standard for sEV isolation (82) (83). The representative protocol for sEV isolation is differential ultracentrifugation. The yield can be increased via ultracentrifugation at the spin of 100,000 × g for a longer time, but ultracentrifugation for a too long time (>4 h) may induce mechanical damage to sEVs and contamination of soluble proteins in the final pellets (84). Differential ultracentrifugation does not require too much technical expertise and sample pretreatment, although it costs time and a large volume of samples or cell culture medium. In order to collect sEVs from a relatively small volume of clinical samples such as plasma, size exclusion chromatography (SEC) is a more clinical setting-friendly option since it allows for sEV isolation from 150 μl to 10 ml of biofluid with resins of selected size (85) (86). Moreover, SEC can protect sEVs from aggregation and improve the removal of protein contaminants (87). In addition, size exclusion chromatography is applied as the purification step after ultracentrifugation methods. An optimized isolation and purification protocol for collected high yields of sEVs from blood was determined as below: firstly, the plasma or serum was centrifuged at 18,000 × g for 30 min at 4°C. Then, proteinase K was added to the supernatant (25 μg per 10 mg total proteins of sEV sample) to decrease the amount of albumin and apolipoproteins A-1 and B. Finally, a SEC resin with a molecular weight cutoff (MWCO) of 700 kDa was used to further clear small peptides or proteins (88). Microfluidic isolation can isolate sEVs based on their physical and biochemical properties at the same time. It requires a smaller volume of samples and can be developed into innovative separation, which makes clinical use of sEVs more feasible (89). Immuno-based microfluidic isolation is dependent on the interaction between a membrane-binding protein on sEVs and an antibody against the protein, which is immobilized on a microfluidic chip. The predominant advantage of this method is that it requires the smallest volume of the plasma/serum, the least amount of time, minimal expertise, and the least cost to date.


Table 1 | Comparison of separation technologies of sEVs.



The identification and characterization of sEVs are divided into two types: physical analysis and chemical or compositional analysis. Physical analysis determines particle size and concentration through nanoparticle tracking analysis (NTA), transmission electron microscopy (TEM), scanning electron microscopy (SEM), atomic force microscopy (AFM), and dynamic light scattering (DLS). Chemical or compositional analysis evaluates specific contents such as miRNA and protein via sequencing, immunoblotting, and staining. The obstacle is still how to differentiate subpopulations of extracellular vesicles with distinct markers and sizes. What makes it more challenging is the fact that the isolation method affects the profiles of sEVs.



Small extracellular vesicles as diagnostic and prognostic biomarkers for triple-negative breast cancer

Following further knowledge of the molecular heterogeneity of TNBC, liquid biopsy has attracted much attention since traditional cancer detection approaches showed weakness in the analysis of the genomic landscape of TNBC. Additionally, liquid biopsy can monitor cancer progress or clinical outcome after treatment in a non-invasive manner. A series of components are released in the tumor microenvironment, for instance, circulating tumor cells (CTCs), cell-free DNA, and EVs in blood circulation (90). sEVs display superiority over other components, as they generally exist in biological liquids and can be easily isolated, stored, and transported. Furthermore, abundant sEV inclusions allow for diverse expression profile analysis.

sEVs collected from breast cancer patients have distinct protein and RNA contents as compared to sEVs derived from healthy donors. As listed in Table 2, it was reported that the serum level of sEV-miR-373 was significantly upregulated in patients with TNBC compared to other breast cancer subtypes, and sEV-miR-372 was increased in breast cancer patients than that in healthy controls (91). Subsequently, functional analyses revealed that miR-373 might downregulate the protein expression level of ER and inhibit apoptosis via camptothecin. Interestingly, it was found that the majority of miRNAs detectable in plasma were concentrated in sEVs. The high miRNA concentration observed in sEVs may be due to sEV protection from digestion by RNase. The number of sEVs from plasma was obviously larger in TNBC and HER2+ patients than that in healthy donors (66). A panel of sEV-miR-335, miR-628, and miR-422a could discriminate between TNBC and HER2+ patients. Moreover, in TNBC patients, sEV-miR-374 showed an association with tumor size. These findings suggest a combination of sEV-serum miRNA levels as TNBC-specific markers.


Table 2 | sEV contents as biomarkers for BC and TNBC.



sEV-LncRNA has been revealed to be associated with tumor development and cancer progression. The well-studied LncRNA, HOX transcript antisense intergenic RNA (HOTAIR), was detected in sEVs derived from breast cancer patients, and the expression level of HOTAIR was positively correlated with HER2 in tumor tissues (97). These results suggested HOTAIR as a novel liquid biopsy biomarker for breast cancer. The expression level of serum sEV-LncRNA small ubiquitin-like pseudogene 3 (SUMO1P3) was significantly higher in patients with TNBC compared to that in patients with non-TNBC, patients with benign breast disease, and healthy controls (92). Serum sEV-SUMO1P3 was closely correlated with lymph vascular invasion, lymph node metastasis, and histological grade and positively corresponded to overall survival. Furthermore, serum sEV-SUMO1P3 levels were markedly decreased in chemosensitive cases. These findings showed the potential of serum sEV-LncRNA SUMO1P3 as an independent prognostic factor for TNBC. It was identified that serum sEV-LncRNA XIST obviously increased in TNBC recurrence and could distinguish TNBC patients from healthy controls through receiver operating characteristic (ROC) curve analysis, implying the function of sEV-XIST as a diagnostic and prognostic biomarker for TNBC (93). However, the underlying molecular mechanisms remain largely unknown, and further supporting evidence is required from larger independent studies.

In addition to RNAs, sEV proteins possess unique features as biomarkers. Specifically, phosphoproteins have the potential as cancer markers because protein phosphorylation is involved in almost all cellular processes (98, 99). It was identified that the expression levels of 144 phosphoproteins were significantly higher in plasma sEVs from patients diagnosed with breast cancer than those in healthy controls through label-free quantitative phosphoproteomics (94). Moreover, lipid rafts proteins are also enriched in the sEV membrane since they organize and stabilize the liquid-ordered regions of the membrane and compartmentalize the processes of intracellular signaling, creating the signaling platforms where interacting components (receptors, effector proteins, and coupling factors) are colocalized in spatial proximity (95, 96). A high abundance of stomatin was shown in sEVs derived from biological fluids, including blood plasma, ascitic fluids, and uterine flushings (100). The expression level of stomatin protein in sEVs from different sources corresponds well to that of CD9, whereas the level of caveolin-1 varies drastically depending on cell type.

The first commercial sEV-based ExoDx™ Prostate (IntelliScore) (EPI) test has been applied for prostate cancer in 2016 (101, 102). This novel non-invasive urine test assessed the expression level of three sEV-RNA transcripts (ERG, PCA3, and SPDEF) for the risk management of men over 50 years of age with PSA level in the “gray zone” of 2–10 ng/ml. The test was validated at a cut point of 15.6 to rule out high-grade prostate cancer and would avoid 27% of invasive biopsies. This sEV-based test has been included in the National Comprehensive Cancer Network guidelines for early prostate cancer detection. We believe this milestone product will promote the development of sEV-based early cancer diagnosis.



Small extracellular vesicles as drug delivery system for treatment approach

sEVs are enriched in biological fluids (such as blood, saliva, and urine), encapsulated with various bioactive cargoes, and mediate intercellular communication by delivering cargoes from parental cells to recipient cells. There is compelling evidence that sEVs can penetrate through the hematoencephalic barrier, keep stability in long circulation, and maintain specific targeting effects (103–105). sEVs derived from different sources carry diverse surface molecules and contents and exert various effects. sEVs serving as drug delivery vehicles should have specific quality standards including size, yield, surface protein, and intracavitary composition.

Mesenchymal stem cells (MSCs) have advantages in terms of ease of expansion, harvesting, and low immunogenic ability. As shown in Table 3, sEVs from MSCs derived from human induced pluripotent stem cells (iPSCs) were loaded with the chemotherapeutic drug doxorubicin (DOX) and showed superior cytotoxic effects on doxorubicin-resistant TNBC cells compared with free or liposomal DOX (106). These vesicles significantly inhibited metastases in TNBC mouse models without detectable immunogenicity. sEVs inherit the essential immunostimulatory faculties from parental dendritic cells (DCs) and lack the risk of in vivo replication. It was initially reported that sEVs derived from DCs modified with RVG-targeted Lamp2b peptide delivered siRNA to neurons, microglia, and oligodendrocytes in the mouse brain and strongly downregulated the expression of BACE1 mRNA and protein (107). These results suggested the therapeutic benefit of DC exosomes in Alzheimer’s disease since BACE1 is responsible for the N-terminal cleavage of amyloid precursor protein that produces the aggregate-forming β-amyloid peptide in Alzheimer’s disease pathogenesis (112). Macrophages are a group of heterogeneous cells that can be phenotypically polarized in the tumor microenvironment to initiate the adaptive immune response (113, 114). Feng et al. modified macrophage-derived sEV-coated nanoparticles carrying DOX for targeted chemotherapy of TNBC (108). It was firstly reported that sEVs from macrophages could penetrate the blood–brain barrier without targeting modification (115). The expression of the integrin lymphocyte function-associated antigen 1 (LFA-1) and intercellular adhesion molecule-1 (ICAM-1) in naïve macrophage sEVs mediated the uptake of exosomes in brain endothelial cells, thereby helping sEVs deliver brain-derived neurotrophic factor (BNDF) to the brain, especially in the presence of brain inflammation. Since patients with TNBC are at a high risk of incidence of brain metastases, the natural crossing blood–brain barrier feature of sEVs holds the promise of improving the survival and life quality of TNBC patients with brain metastasis (110, 116). Compared with sEVs derived from non-cancerous cells, sEVs that originated from tumor cells specifically carry tumor antigens and costimulatory molecules and can lead to an anti-tumor immune response (109). It was reported that sEV-like nanovesicles developed from metastatic breast cancer 4T1 cells could effectively deliver doxorubicin to the lung of the mouse model and inhibited breast cancer lung metastasis (111).


Table 3 | sEVs derived from different types of origins served as drug delivery system.



Apart from cell-derived sEVs, these vesicles from biological liquid also possessed advantages as a drug delivery system. For instance, saliva sEVs accelerated wound healing by transferring UBE20, which enhanced the proliferation, migration, and angiogenesis of human umbilical vein endothelial cells (HUVECs) (117). Meanwhile, it was found that saliva sEVs have unique features including distinct elastic properties and substructures carrying specific transmembrane receptors (118). It was firstly proved by Valadi’s group that plasma sEVs were uploaded siRNA through chemical transfection and electroporation and delivered the siRNA to monocytes and lymphocytes, leading to gene silencing of mitogen-activated protein kinase 1 (11). Plasma sEVs were lately packed with quercetin, inhibited the activity of CDK5 and decreased tau protein hyperphosphorylation, and attenuated neurodegeneration by reducing the apoptosis of neuron cells and improving memory and spatial learning (119). These findings suggest that sEVs isolated from plasma can be applied as a delivery vehicle of exogenous nucleic acids and chemical drugs for better treatment of central neurological diseases via crossing the blood–brain barrier. Bovine milk is generally considered to be a potentially scalable source of sEVs serving as drug delivery vehicles. It was investigated that milk sEVs could encapsulate with both hydrophilic and lipophilic small molecule drugs and exhibit tumor targetability without adverse immune and inflammatory responses (120). In addition to bovine milk exosomes, human breast milk-derived sEVs (HBM-sEVs) also have the potential to be utilized for drug delivery. HBM-sEVs were reported to protect the intestine from damage through intervening intestinal immune response (121) (122). It is worth noting that HBM-sEVs promoted cell proliferation of normal colon epithelial cells, whereas they exerted no beneficial effects on tumor cells (123). These results revealed that HBM-sEVs possess superiorities over other types of sEVs due to their intestinal protection and transferring anti-tumor drug without inducing tumor cell proliferation.

sEVs can be uploaded with drugs (chemical molecules and/or RNAs) through different techniques, which are mainly discussed in two manners (Figure 2). One approach is to load drugs into the donor cells of sEVs, and then the drugs are sorted into sEVs. There are two representative methods, including transfection and electroporation for RNAs and co-incubation for chemical drugs (107–125). Transfection ensures that target miRNA or siRNA is encapsulated into sEVs and released after sEV internalization by recipient cells. It was previously reported that donor cells, HEK293, and COS-7 cells were transfected with miRNA, which targeted EGFR, and secreted sEVs overexpressing the miRNA (126). However, the disadvantage of transfection is the unstable encapsulation efficiency of RNA, which may have an influence on downstream targeting effects. The basic principle of electroporation is that the application of short, high-voltage pulses penetrates the lipid membrane of cells or sEVs, and then the drugs are loaded into sEVs inside (127). Co-incubation is another method to load drugs especially small chemical molecules into sEVs. By exposure of MSCs to high concentrations of paclitaxel (PTX), PTX was incorporated into MSCs and subsequently released sEVs (125). However, after incubation of parental cells with drugs, the synthesis and secretion of drug-carrying sEVs are difficult to be managed. Another way is to introduce drugs directly into sEVs after they are released and isolated, consisting of co-incubation, electroporation, sonication, saponin treatment, extrusion, and freeze–thaw cycles. Compared to the incubation mentioned above, sEVs can be mixed with drugs directly, which is simpler and more effective. Based on the lipophilicity of PTX and passive diffusion, PTX was loaded into sEVs directly by co-incubation with relatively high loading efficiency (128). It was demonstrated that PAK4-specific siRNA was encapsulated into sEVs derived from PANC-1 cells through electroporation, and the encapsulation efficiency and the loading efficiency were 10%–20% and 5%, respectively (129). It is inferred that the aggregation of sEVs during electroporation and the intraluminal space within sEVs, which is occupied by siRNA, is fully saturated, leading to the lower encapsulation efficiency of electroporation (130, 131). In addition to co-incubation and electroporation, there are several other approaches for drug loading in sEVs after their releases, such as sonication, saponin treatment, free–thaw cycle, and extrusion (132). Despite the natural origin of sEVs endowed with homing features, sEVs can be surface-engineered to enhance targeting specificity. As shown in Figure 2, genetic modification links antibodies, peptides, DNA/RNA aptamers, and tumor antigens with the transmembrane domain. Tian et al. engineered immature DC-derived sEVs with αv integrin-specific iRGD peptides and uploaded DOX into these vesicles through electroporation (133). These modified sEVs showed highly efficient targeting and DOX delivery to αv integrin-positive breast cancer cells, leading to the inhibition of tumor growth without overt toxicity. In another study, sEVs were labeled with folate to target TNBC cells with overexpression of folate receptors, and these sEVs exerted a better inhibitory effect on the proliferation and migration of TNBC cells (134). Targeting sEV-based drug delivery system helps generate sEVs with a high yield and low toxicity.




Figure 2 | Different methods for drug loading into sEVs, and surface engineering for targeting specificity sEVs can be uploaded with drugs via two types of methods, introducing drugs into cell origin before sEV secretion and loading drugs into sEVs directly. The former approach includes transfection, electroporation, and incubation. The latter approach consists of electroporation, incubation, sonication, saponin treatment, free–thaw cycle, extrusion, and so on. To enhance targeting activity, the surface of sEVs is modified to express affinity molecules, such as peptides, DNA/RNA aptamers, folate, antibodies, and antigens. sEVs, small extracellular vesicles.



A variety of administration approaches have been exploited to deliver sEVs to target tissues in different disease models, such as direct injection, intravenous injection, intraperitoneal injection, oral administration, and, recently, inhalation. Direct injection showed high efficiency in inhibiting the proliferation of cancer cells and decreasing tumor mass (135). However, direct injection was more invasive than a systemic approach (intravenous injection) (136). Intravenous injection is generally selected for sEV delivery; however, the clearance of this route is rapid (137). It was fluorescently detected that exosomes were predominantly accumulated in liver, lung, kidney, and splenic tissues after intravenous injection (138). With the use of chemiluminescence, sEVs were detected primarily in the liver and the lung, and the signal was retained in the lung longer than that in other organs (137). Moreover, sEVs were found to distribute to the brain and intestines after intranasal administration (138). When sEVs were modified with neuron-specific targeting peptides, they were detected in the central nervous system after intravenous injection (107). Inhaled sEV treatment provides beneficial effects for inflammatory lung diseases including asthma, chronic obstructive pulmonary disease (COPD), acute respiratory distress syndrome (ARDS), and COVID-19 since it can prevent first-pass hepatic metabolism, improve drug solubility and distribution, and reduce drug side effects (139). The outstanding advantages of sEVs as drug delivery systems lie in their biological origin, which is strongly associated with good biocompatibility. However, some critical questions remain to be answered before clinical application. One of the major challenges is the large-scale standardized production of therapeutic sEVs, which include the origin choice, isolation and purification method, external modification and drug encapsulation, storage, and transportation.



New advances in small extracellular vesicle-based therapy for triple-negative breast cancer

sEVs as nano-sized drug delivery vehicles have attracted attention in TNBC. Some TNBC cells have been demonstrated to be sensitive to erastin-induced reactive oxygen species (ROS)-dependent ferroptosis, followed by significant suppression of cell proliferation and migration (140, 141). However, the poor water solubility of erastin results in low absorption, and renal toxicity limited its clinical application (142). It was reported that erastin was loaded into folate-modified sEVs and can be successfully transported to TNBC tumor sites, thereby increasing the inhibition rate of erastin on the cytotoxicity, proliferation, and migration of TNBC MDA-MB-231 cells (134). Erastin carried by folate-vectorized sEVs caused more ferroptosis with intracellular depletion of glutathione and reactive oxygen species overgeneration than erastin carried by natural sEVs and free erastin (134). The results revealed that erastin loaded in a sEV-targeted delivery system increased the uptake efficiency of erastin into TNBC cells with a longer duration of action and higher activity. Genetically engineered chimeric antigen receptor T cell (CAR-T) therapy has rapidly developed into a powerful and innovative treatment for cancer patients (143, 144). Despite the unprecedented success of CAR-T therapy in B-cell leukemia or lymphoma, many challenges limited its therapeutic effects in solid tumors such as dose-dependent systemic toxicity. sEVs derived from mesothelin-targeted CAR-T cells inherited surface expression of the CARs and CD3 from parental CAR-T cells and strongly inhibited the growth of both endogenous and exogenous mesothelin-positive TNBC cells (145). The cytotoxicity against TNBC cells of CAR-T-derived-sEVs is exerted through the release of effector molecules perforin and granzyme B with low toxicity in vivo. Hence, it was suggested that CAR-T-derived sEVs as a cell-free alternative therapy with efficient cytotoxicity and favorable safety. Immune checkpoints play critical roles in tumor immune surveillance. After analysis of the expression pattern of immune checkpoints using ICP array, sEVs derived from activated tumor-associated effector T cells carry membrane-bound PD-1 (146). Furthermore, they enhanced the cytotoxicity of T cells against TNBC cells by occupying PD-L1 and attenuating subsequent T-cell dysfunction. Altogether, activated T cells in TNBC tumor microenvironment inhibited tumor growth and enhanced anti-tumor immunity. Not only T cell-derived sEVs but also other types of immune cell-derived sEVs can target tumor cells. A macrophage-secreted sEV-based nanosystem was developed, which was modified with peptide targeting the mesenchymal–epithelial transition factor (overexpressed by TNBC cells) and loaded DOX (108). These engineered sEVs obviously prolonged the circulation time of DOX, specifically targeted tumors, and promoted apoptosis of tumor cells with low hepatotoxicity.

In addition to target-modified sEVs, sEVs secreted from breast cancer cells were demonstrated to exhibit excellent lung targeting properties owing to their functional surface integrins, which co-located in the laminin-rich lung microenvironment (147). In order to utilize the natural targeting characteristic, the membrane of sEVs derived from breast cancer cells was extracted and wrapped around cationic bovine serum albumin-conjugated S100A4 siRNA (148). These biomimetic nanoparticles displayed gene-silencing effects on S100A4, which was an important metastasis-related protein that promotes tumor progression and metastasis and suppressed postoperative breast cancer metastasis (149, 150). TNBC cell-derived sEVs were reported to be utilized as a DC-primed vaccine to induce antitumor immunity (151). In specific, sEVs originating from MDA-MB-231 cells were genetically engineered to overexpress α-lactalbumin, which was expressed in the majority of human breast cancers, hence showing enhanced tumor-targeting capability and immunogenicity. The sEVs were subsequently loaded with the immunogenic cell death (ICD) inducers human neutrophil elastase (ELANE) and Hiltonol. This combined delivery system activated DCs in situ and cross-primed tumor-reactive CD8+ T-cell responses, leading to tumor inhibition in a poorly immunogenic TNBC mouse xenograft model and patient-derived tumor organoids. These results are promising for clinical application, but till now, there are no clinically approved exosome-based therapies. Further cohort studies are required to demonstrate the indicative role of exosomes in TNBC.




Conclusion

sEVs are natural nano-sized extracellular vesicles with lipid membranes outside and bioactive contents inside. They generally can be secreted by almost all types of cells and play a critical role in intercellular signaling networks. They exhibit several properties such as targeted homing, stability, biocompatibility, low toxicity, and low immunogenicity. The distribution of various biological molecules including DNA, RNA, proteins, and cytokines within exosomes during physiological and pathological processes, including cancers, suggest that sEVs are involved in cancer occurrence and progression. sEVs derived from both tumoral and normal cells have emerged as important components of the tumor microenvironment. TNBC is a particularly aggressive subtype of breast cancer with earlier onset of metastatic disease, visceral metastases, rapid progression, short response duration to available treatment, and worse clinical outcomes. There is an urgent need to develop novel early diagnosis tools and therapies with good efficacy. sEVs have been shown to contribute to angiogenesis, immune escape, tumor proliferation, invasion and distant metastasis, and drug resistance in TNBC. In addition, sEVs can be easily isolated and detected in body fluids. Hence, they hold great promise as biomarkers for early diagnosis, prognosis, and treatment approach of TNBC.

The studies mentioned above provide the basis for the development of sEV-based biomarkers and therapeutics. It is also necessary to further explore the characteristics of sEVs, for instance, content sorting, transportation and internalization, circulation, and tissue clearance, to validate their role in the onset and development of TNBC. Moreover, answering the following questions may promote the clinical application of sEVs. Firstly, there have been no established standardized isolation and purification methods. Then methods such as miRNA quantification are not determined. Next, the precise mechanisms involved in the uploading of drugs into sEVs are unknown. Finally, the complexity of inclusions in sEVs may result in side effects and toxicity in vivo. There is still a need to conduct research and clinical studies on how sEVs participate in TNBC, as well as how to utilize sEVs in cancer diagnosis and treatment.
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Objectives

The primary purposes of this meta-analysis and systematic review were to evaluate the health-related quality of life (HRQoL) of Asian breast cancer (BC) patients to understand their holistic HRQoL level and provide medical and nursing recommendations to improve and preserve their quality of life.



Methods

A comprehensive literature search was conducted to find cross-sectional studies published in Chinese and English concerning HRQoL in BC patients from the inceptions of databases to 14 March 2022. The databases consulted were PubMed, Web of Science, Embase, Cochrane, PsyclNFO, CINAHL, and CNKI. Literature screening, data extraction, risk bias assessment, and data synthesis were independently carried out by two researchers. The Endnote X9 and Stata 15.0 software programs were used during the meta-analysis process.



Results

Out of the 8,563 studies identified, 23 cross-sectional studies involving 3,839 Asian BC patients were included in this meta-analysis. Two tools, namely, European Organization for the Research and Treatment of Cancer Quality of Life Questionnaire C30 (EORTC QLQ-C30) and Quality of Life Questionnaire Breast Cancer module 23 (EORTC QLQ-BR23)—were used to evaluate the HRQoL of BC patients in Asia. The pooled mean of the global health status of Asian BC patients was 58.34 (95% confidence interval [CI]: 53.66–63.02). According to functional subscales of EORTC QLQ-C30 and EORTC QLQ-BR23, Asian BC patients suffered from the worst emotional functioning (pooled mean=66.38; 95% CI: 59.66–73.11) and sexual enjoyment (pooled mean=49.31; 95% CI: 31.97–63.36). In addition, fatigue (pooled mean=42.17; 95% CI: 34.46–49.88) and being upset by hair loss (pooled mean=48.38; 95% CI: 36.64–60.12) were the most obvious symptoms that Asian BC patients experienced according to the meta-analysis results of the EORTC QLQ-C30 and EORTC QLQ-BR23 symptom subscales.



Conclusion

Asian BC patients experience a relatively low HRQoL due to the prominent decline in their body functions, as well as the unpleasant experiences caused by their symptoms. It is suggested that timely, appropriate, and targeted intervention should be provided in relation to the physical, psychological, and social aspects of Asian BC patients’ lives to enhance their ability to function, relieve them of adverse symptoms, and improve their overall HRQoL.



Systematic Review Registration

https://www.crd.york.ac.uk/PROSPERO/, identifier CRD42022321165.





Keywords: Asia, breast cancer, health-related quality of life, meta-analysis, systematic review



Introduction

Breast cancer (BC), the most common malignant tumor, with the highest mortality among women globally, continues to threaten women’s lives, with an increasing number of cases yearly. The latest data pertaining to cancer worldwide in 2020 show that the number of new cases of BC has reached 2.26 million (11.7%), surpassing that of lung cancer, and so BC has become the world’s leading cancer (1, 2). Various factors may increase the likelihood of incidence of BC, and may also be influenced by socioeconomic developments, ethnicity, and lifestyle, among others (3–5). There are significant differences between Western countries and Asian countries in terms of clinical presentation, epidemiology, treatment methods, and prognosis of the disease. For instance, developing countries in Asia have a lower incidence of BC than Western countries but have a higher mortality rate (6). In addition, there are differences in the choice of BC treatment strategies between Asian and Western countries. To preserve their self-image and sexuality, young women with early-stage BC are more likely to choose breast-conserving surgery (BCS) as the primary treatment (7, 8). However, despite BC being diagnosed in Asian women at an earlier age approximately 10 years earlier than in Western countries, and more than 50% of Asian BC patients suffering from locally advanced cancers (9–11), findings from many studies have demonstrated that breast-conserving surgery is less common in Asia than in Europe and the United States  (12, 13). The unique characteristics of BC in Asia and the different therapies adopted by Asian BC patients have led to a different health-related quality of life (HRQoL) compared to other continents.

HRQoL refers to an individual’s health status under the influence of illness and injury, medical intervention, aging, and changes in the social environment, as well as subjective satisfaction related to one’s economic and cultural backgrounds and values orientation (14). Owing to the complex treatment and prognosis of BC, patients usually experience chronic or prolonged diagnostic procedures and treatment processes, such as surgery, chemotherapy, radiotherapy, and hormonotherapy, which consequently lead to severe physical disorders, including breast removal, skin discoloration, hair loss, fatigue, sexual dysfunction, and distortions in body image (15, 16). However, as a chronic disease, BC usually affects more than just the body’s integrity (17). The treatment experiences and associated symptoms in BC patients also give rise to negative effects on mental health. Anxiety, depression, and distress in BC patients are found at high levels, even years after the acute phase or successful treatment in some cases (18–20). These negative effects on mental health can be caused by various factors, including, but not limited to, treatment-related side effects, interruption of the desire for childbearing (or even loss of fertility), and fear of cancer recurrence (FCR) (21, 22).

Impaired HRQoL is the most accurate indication of the gap between an individual’s actual functional level and the ideal standard (23). In Asia, a higher proportion of cancers are diagnosed at advanced stages due to a lack of early screening and insufficient understanding of the disease. Therefore, cancer patients in Asia tend to have more severe symptoms, such as pain, fatigue, insomnia, and anxiety, which are more likely to lower their HRQoL. There exists a consensus that the treatment of cancer patients should not only control their pathological reactions and relieve the discomfort caused by the disease and treatment but also reduce their psychological and emotional distress to improve their holistic HRQoL. However, in the context of the different types of economic and medical statuses, as well as cultural and habitual practices, such as the use of traditional medicine, there is a lack of overall understanding of the level of HRQoL of Asian BC patients (24, 25). Therefore, this meta-analysis aims to investigate the holistic HRQoL of Asian BC patients and provide conclusive evidence for developing more targeted measures to improve their quality of life.



Materials and methods

This research was conducted according to the Preferred Reporting Items for Systematic Review and Meta-Analyses (PRISMA) guidelines (26). The current study’s protocol registration number in PROSPERO: International prospective register of systematic reviews is CRD42022321165.


Search strategy

Six English databases (PubMed, Web of Science, Embase, Cochrane, Psyclnfo, and CINAHL) and one Chinese database (CNKI) were searched to retrieve eligible articles from the inceptions of databases to 14 March 2022. The search terms “breast cancer,” “breast neoplasm,” “breast tumor,” “health-related quality of life,” “quality of life,” “Asia,” “Far East,” “Southeast Asia,” “South eastern Asia,” “Asia, Western,” “Middle East,” “China,” “Chine*,” “Hong Kong*,” “Macau,” “Tibet*,” “Taiwan*,” “Japan*,” “Korea*,” “Mongoli*,” “India*,” “Brunei*,” “Indonesia*,” “Lao*,” “Malay*,” “Myanmar,” “Burmese*,” “Philippines*,” “Singapore*,” “Thai*,” “Timor*,” “Vietnam*,” “Bangladesh,” “Bengal*,” “Bhutan*,” “India*,” “Nepal*,” “Pakistan*,” “Sri Lanka*,” “Kazakhstan,” “Tajikistan,” “Turkmenistan,” and “Borneo” were used in various combinations to ensure the capture of related literature. The asterisk (*) symbol is significant as it is the component of the search strategy. Appendix S1 in the Supplementary Materials reveals the search strategies used in the seven databases above. Furthermore, we checked the references listed in the selected articles for additional eligible resources.



Inclusion and exclusion criteria


Inclusion criteria

	•Populations: Asian adults (age ≥ 18 years old) diagnosed with breast cancer at any stage of pathology

	•Study type: cross-sectional studies that investigated HRQoL of BC patients

	•Outcomes: HRQoL scores of BC patients were evaluated by related tools





Exclusion criteria

	•Patients with other diseases aside from breast cancer

	•Patients who had cognitive impairment or any psychiatric disorder

	•Studies not in English or Chinese, gray literature, and studies that are not original

	•Incomplete information or studies without the full text available

	•Unpublished data and presentations that did not provide data that were accurate and clear with respect to the research variables






Study selection and data extraction

Two researchers (XYC and CXW) screened all of the literature by reading the titles and abstracts, then they excluded the studies that did not clearly meet the inclusion criteria; the researchers then read the full text to determine which should be used in our study. The whole process of screening and reading was carried out by the two researchers independently, and a third reviewer (TTC) stepped in when there was any discrepancy between the first two researchers. Once the literature was chosen, both researchers (XYC and CXW) independently extracted the information regarding the authors, region of the country, year of publication, study design, sampling methods and settings, HRQoL instruments, etc. Finally, all the information was integrated and verified by the two researchers.



Quality appraisal

The quality of the eligible studies was assessed via the Joanna Briggs Institute tool for cross-sectional studies (JBI Critical Appraisal Checklist for Analytical Cross-Sectional Studies) (27). This tool includes eight aspects of every cross-sectional study, evaluated by “Yes,” “No,” and “Unclear.” The answers of “yes” ≥ 5, 3–4, and 0–2 times are considered to indicate high, moderate, and low methodological quality, respectively. Similarly, two researchers (XYC and CXW) conducted the quality evaluation procedure independently, and the third researcher (LLZ) was asked to address any divergence.

As recommended by the Cochrane Collaboration, we used the Risk of Bias in Non-Randomized Studies - of Intervention (ROBINS-I) tool to assess the risk of bias in the studies included (28) from the following seven domains: (i) bias in the selection of exposed and non-exposed cohorts; (ii) bias in the assessment of exposure; (iii) bias in the presence of outcome of interest at the start of study; (iv) bias in the control of prognostic variables (with matching or adjusting); (v) bias in the assessment of the presence or absence of prognostic factors; (vi) bias in the assessment of outcome; and (vii) bias in adequacy regarding follow-up of cohorts.



Statistical analysis

Stata 15.0 software was used to conduct the meta-analysis, and the pooled mean value was taken as the effect size (ES). The pooled mean of Asian BC patients’ HRQoL was estimated using a random effects model with a confidence interval of 95%, and the scores were from the “global health status” for Quality of Life Questionnaire C30 (QLQ-C30), functional scales, and symptom scales for both QLQ-C30 and Quality of Life Questionnaire Breast Cancer module 23 QLQ-BR23. Forest plots were used to present the pooled means (95% CI) of the studies included. Statistical heterogeneity was assessed with the I2 statistic, and I2 values above 50% were interpreted as heterogeneous. Meta-regression was then used to analyze the factors related to high heterogeneity. Publication bias was assessed via Begg’s test, and a p-value greater than 0.05 (p > 0.05) indicated no publication bias. If publication bias existed, the trim-and-fill method was employed to detect the effects of publication bias on the results. To assess the influence of each study on the pooled ES, sensitivity analysis was conducted by omitting an individual study each time and repeating the analysis.




Results


Study selection and data characteristics

After screening and removing duplicates, 23 cross-sectional studies (29–51) containing 3,839 Asian BC patients were included in this study from 8,563 retrieved records. The flow diagram of literature screening is displayed in Figure 1.




Figure 1 | Flow diagram of the search strategy and study selection.From: Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ 2021;372:n71. doi: 10.1136/bmj.n71For more information, visit: http://www.prisma-statement.org/. *reporting the number of records identified from each database or register searched (rather than the total number across all databases/registers).





Quality appraisal

The characteristics of the 23 cross-sectional studies are given in Table 1. The details of quality assessment for the studies included are presented in Appendix S2 in the Supplementary Materials section, which shows that the scores of the studies included range from 5 to 8, all being of high methodological quality. Moreover, the assessment results for the risk of bias are given in Appendix S3 in the Supplementary Materials. There are 5 studies with a high risk of bias, 14 with a moderate risk of bias, and 4 with a low risk of bias.


Table 1 | Characteristics of enrolled research.





Outcomes of meta-analysis


Instruments

Two types of standard tools are used alone or in combination with each other for the studies included: the European Organization for the Research and Treatment of Cancer Quality of Life Questionnaire C30 (EORTC QLQ-C30) (n=23) and the Quality of Life Questionnaire Breast Cancer module 23 (QLQ-BR23) (n=13). QLQ-BR23 is a supplement for the general cancer questionnaire QLQ-C30, and it aims to identify unique concerns of the BC patients (41). The detailed analysis of Asian BC patients’ HRQoL, evaluated by the two tools, is as follows.




Meta-analysis results based on the European Organization for the Research and Treatment of Cancer Quality of Life Questionnaire C30

EORTC QLQ-C30 was used in all studies included in this systematic review to assess HRQoL of Asian BC patients. The mean value of the global health status of Asian BC patients ranged from 31.2 to 79.43, and the pooled mean value of global health status was 58.34 (95%CI: 53.66–63.02) (I2 = 98.5%) by using the random effects model (Figure 2). Two subscales of QLQ-C30 also illustrate the HRQoL of BC patients with respect to their functions and symptoms. The functional subscales evaluate the functional status with respect to physical, role, emotional, cognitive, and social functioning. There exist 23 studies (29–51) that have reported the results of physical, role, emotional, and cognitive functioning status, while 22 (29–32, 34–51) have provided the results of social functioning. The pooled means of functional status from low to high are as follows: emotional functioning (pooled mean=66.38; 95% CI: 59.66–73.11), social functioning (pooled mean=71.26; 95% CI: 64.97–77.54), role functioning (pooled mean=72.70; 95% CI: 66.06–79.33), physical functioning (pooled mean=73.15; 95% CI: 66.84–79.46), and cognitive functioning (pooled mean=75.53; 95% CI: 70.58–80.49, Table 2). As for the symptom subscales, a total of nine symptoms are included. All 23 studies (29–51) reported the symptoms of fatigue, pain, insomnia, and appetite loss; 22 (30–51) reported nausea and vomiting, dyspnea, constipation, and diarrhea; and 21 (29–36, 38–48, 50, 51) reported financial difficulties. Among the nine symptoms, fatigue was the most common symptom suffered by Asian BC patients, with a pooled mean score of 42.17 (95% CI: 34.46–49.88), followed by financial difficulties (pooled mean=39.07; 95% CI: 39.07–49.07), insomnia (pooled mean=34.96; 95% CI: 26.93–42.99), pain (pooled mean=32.51; 95% CI:25.61–39.42), appetite loss (pooled mean=26.80; 95% CI: 18.50–35.10), dyspnea (pooled mean=24.46; 95% CI: 17.02–31.91), constipation (pooled mean=22.52; 95% CI: 15.24–29.81), nausea and vomiting (pooled mean=18.47; 95% CI: 14.26–22.67), and diarrhea (pooled mean=15.46; 95% CI: 8.60–22.33; Table 3).




Figure 2 | Global health status.




Table 2 | Functional subscales of EORTC QLQ-C30.




Table 3 | Symptom subscales of EORTC QLQ-C30.





Meta-analysis results based on the European Organization for the Research and Treatment of Cancer Quality of Life Questionnaire Cancer module 23

There are 13 studies (29, 30, 32–34, 36, 38–40, 42, 43, 48, 50) that have used QLQ-BR23. The details of the results are displayed in Table 4. The QLQ-BR23 tool also has two subscales to assess the functions and symptoms of BC patients specifically. As can be seen in Table 4, all 13 studies reported the evaluated results of body image, future perspective, breast symptoms, and arm symptoms; and 12 reported the results of sexual functioning (29, 30, 32–34, 36, 38, 39, 42, 43, 48, 50), sexual enjoyment (29, 30, 32–34, 36, 38, 39, 42, 43, 48, 50), systemic side effects (29, 30, 32–34, 36, 38–40, 42, 48, 50), and upset by hair loss (30, 32–34, 36, 38–40, 42, 43, 48, 50). The pooled scores in the functional subscales ranged from 49 to 66: sexual enjoyment (pooled mean=49.31; 95% CI: 31.97–63.36), sexual functioning (pooled mean=50.77; 95% CI: 28.00–73.54), future perspective (pooled mean=53.81; 95% CI: 44.26–63.81), and body image (pooled mean=66.15; 95% CI: 61.08–71.21). Additionally, the pooled scores of the symptom subscale ranged from 29 to 49: breast symptoms (pooled mean=29.26; 95% CI: 20.12–38.40), arm symptoms (pooled mean=34.02; 95% CI: 24.91–43.13), systemic side effects (pooled mean=35.88; 95% CI: 25.76–46.00), and upset by hair loss (pooled mean=48.38; 95% CI: 36.64–60.12). The pooled results suggest that sexual enjoyment and being upset by hair loss are the most frequent problems faced by Asian BC patients.


Table 4 | Functional and symptom subscales of EORTC QLQ-BR23.





Heterogeneity, publication bias, and sensitivity analysis

As illustrated in Table 5, the heterogeneity between the studies included was high, with all I2 values above 90%. According to the results of Begg’s tests, there was no obvious publication bias for the meta-analysis, except for the results for nausea and vomiting (p=0.048), dyspnea (p=0.032), and diarrhea (p=0.011) in the QLQ-C30 tool (Table 5). Moreover, the outcomes of the trim-and-fill method showed that the publication bias may have exerted an influence on the results for nausea and vomiting (p=0.914), dyspnea (p=0.057), and diarrhea (p=0.361, Table 5). Moreover, the sensitivity-analysis results indicated that no single study essentially changed the pooled mean of all the outcomes, and we take the sensitivity analysis plot of global health status as an example (Figure 3).


Table 5 | Results of the publication bias and trim-and-fill method.






Figure 3 | Results of sensitivity analysis plot of the global health status.





Meta-regression results based on the European Organization for the Research and Treatment of Cancer Quality of Life Questionnaire C30 and Quality of Life Questionnaire Breast Cancer module 23

We took the region of the country (in East Asia, Southeast Asia, South Asia, and in West Asia), the publication year (in 2008–2012, 2013–2017, and 2018–2022), the mean age of patients (age < 50; age ≥ 50), the sample size (1–200, 201–400, and 401–608), and the medical level worldwide (ranked below 50, ranked between 50 and 100,; and ranked above 100) (52) as covariates in the meta-regression. The results demonstrated that the five factors above could not explain the heterogeneity between studies of almost all the dimensions of HRQoL significantly through the univariate meta-regression method (p-value > 0.05), except the physical functioning dimension of the QLQ-C30, in which its high heterogeneity may be associated with the regions of countries (p=0.02, Table 6).


Table 6 | Meta-regression results.






Discussion


The overall health-related quality of life of Asian breast cancer patients

This study shows that Asian BC patients have a global health status score of 58.34, similar to the results of research conducted by Hashemi (53) in the Middle East. However, compared with BC patients studied from other regions, Asian BC patients have a lower overall quality of life, especially when compared to those in Spain (54) or Germany (55). The literature review revealed that global health status is associated with many factors, such as the operation method (mastectomy or breast preservation) (29), presence of metastases (30), chemotherapy (56), and radiotherapy (57). In addition, the more comorbidities that BC patients have, the lower their quality of life. The survey conducted by Fu et al. (58) revealed that 20%–30% of BC patients present with comorbidities that were pre-existing or that developed after BC diagnosis, such as hypertension, arthritis, and diabetes (59). The research conducted by Miller et al., which addressed BC survivors in African-American and Latina groups, reached the same conclusion, i.e., that having fewer comorbidities means a better HRQoL (60). Therefore, it is necessary to help Asian BC patients to manage and control their comorbidities to enhance their HRQoL.



The functional status of Asian breast cancer patients

QLQ-C30 and QLQ-BR23 evaluate the functional status of BC patients from different perspectives. The meta-analysis demonstrated that for Asian BC patients, emotional functioning and sexual enjoyment were the most severely impaired elements of quality of life during the progression of BC. In terms of emotional functioning, Asian BC patients’ scores were lower than those of Brazilian (61) and Mexican patients (62). This may be attributed to the culture of collectivism in Asia, which encourages the suppression of emotions to preserve interpersonal harmony (63). With the understanding that “sharing personal problems with others are [sic] regarded as unacceptable since it may make inappropriate demands on the group,” Asian BC patients tend to restrain their emotional disclosure (64). This suppression of emotions, however, leads to more negative moods on the one hand, and on the other hand, decreases social functioning by discouraging patients from seeking help from family and society. Conversely, the differences in physical functioning, role functioning, and cognitive functioning are more significantly affected by treatment. Yue Li et al. once conducted a meta-analysis to compare patients’ HRQoL status between breast conservation treatment (BCT) and mastectomy, with the results showing significant differences in the levels of the physical, role, and cognitive functioning of patients who received different treatments (65). Moreover, Eman et al. (66) also demonstrated that hormonotherapy could maintain a better functional status for patients than could chemotherapy and radiotherapy.

Although sexual enjoyment presented the lowest score in our study, the score of sexual functioning was similar to that of sexual enjoyment, and both had a negative status, which is different from the studies conducted in Latin America and the Caribbean (67), where patients had different scores for sexual enjoyment and sexual functioning. The decline of the sexual functioning of BC patients could be caused by various treatments, such as the commonly used drugs tamoxifen and aromatase inhibitors in adjuvant endocrine therapy, whose side effects of vaginal dryness and dyspareunia are often reported in reviews (68). Research has also demonstrated that for cancer patients, conserving the breast or not has a significant impact on their sexual wellbeing and satisfaction since the breast is regarded as a secondary sexual characteristic (69). In addition, patients from different cultural backgrounds have quite different attitudes toward sexual knowledge and sexual life. Compared to Western patients, Asian patients treat their sexual life as a private topic and do not like to discuss it publicly; moreover, they even choose random answers when responding to questionnaires to avoid exposing their privacy (32, 40). Thus, healthcare professionals should consider the possibility of inconsistency between the outcomes evaluated and the actual HRQoL status when they provide medical and nursing care for Asian BC patients.

With respect to the assessment of body image, our study’s results are almost indistinguishable from those of Polish scholars (70): BC patients’ perception of their body image decreases after surgery. Montazeri et al. and Arora et al. stated that a deterioration in women’s perception of their body may worsen, even after their general physical condition has recovered and symptoms have been alleviated after surgery and subsequent systemic treatments (71, 72). Influenced by the negative emotion of anxiety, patients are usually pessimistic about their future, body image, and sexual functioning (73). Agnieszka showed that a higher level of emotional, cognitive, and social functioning cannot only help prevent negative assessment of scars in women but can also ensure a better perception of both their body image and future prospects (70). Therefore, paying long-term attention to the BC patients’ functional status and providing them with dynamic interventions according to updated psychological data are essential to integrally improving and maintaining their quality of life.



The experience of symptoms of Asian breast cancer patients

Along with a decline in functioning comes a battery of symptoms caused by drugs, surgeries, and other treatments that damage BC patients’ quality of life. Fatigue and being upset by hair loss are the common symptoms of BC patients in Asia. Cancer-related fatigue (CRF)—a persistent state of severe exhaustion—impairs BC patients’ quality of life. It not only makes patients’ functioning abnormal but also gives rise to an increase in BC incidence and mortality. Nevertheless, CRF is underestimated and underreported by physicians and patients (74–76). Currently, the pathophysiological mechanism of CRF remains unclear, except that surgery, chemotherapy, and hormonotherapy are associated with CRF. Also potentially contributing to different cancer outcomes are the following: less or no access to quality care, differences in tumor biology, and socioeconomic factors influencing treatment options that may be affected by racial differences (77, 78). These may help explain why, when we compared our results to those of Lucas, the degree of fatigue of patients in Asia is more severe than those in Latin America and the Caribbean (67). The etiology and pathogenesis of fatigue in BC patients are complicated and multicausal. Many studies have demonstrated that CRF and other symptom clusters, such as sleep disturbance, mood disorder, and pain, are simultaneous (79). The results of these studies are consistent with our conclusion that fatigue, pain, and insomnia affect BC patients’ quality of life to a similar extent. Moreover, inflammation may be the key biological mechanism underlying this symptom cluster since a prior study found that the coexistence of arthralgia, fatigue, and insomnia was associated with an increased level of inflammatory biomarkers among women on endocrine therapy (80).

As evaluated by the symptom scale of EORTC QLQ-C30, financial difficulty is also a serious problem that negatively impacts Asian patients’ quality of life. In comparison, Asian BC patients experience greater financial pressure than their American counterparts (67) but less than Egyptians (66). In addition to age, gender, marital status, monthly net income, educational level, and self-reported health status, national income level and health insurance coverage are also associated with financial hardship among BC patients (81–85), which suggests that with all relevant factors taken into consideration, designing a matching benefit package is essential to reducing the financial burden on patients.

Being upset by hair loss is another serious symptom of Asian BC patients according to this meta-analysis. Hair loss is one of the distressing side effects for BC patients who undergo chemotherapy. Hence, we here allude to the term chemotherapy-induced alopecia (CIA), which is usually an unavoidable but transient side effect that can be dealt with by wearing wigs. BC patients are mostly women, and they regard hair as an integral part of their identity. CIA, however, affects their social life, bringing them physical and psychological distress. More seriously, some BC patients may bear the agony of hair loss even after 6 months of chemotherapy, leading to low self-esteem and lower HRQoL (86). Chemotherapy-induced irreversible alopecia (CIIA) usually occurs after high-dose chemotherapy, and married women seem to be more upset about hair loss than others (86, 87). Therefore, some preventive measures, such as scalp cooling or psychological intervention, should be implemented for high-risk CIIA patients to prevent or reduce the degree of their hair loss and emotional distress. Nausea and vomiting, dyspnea, loss of appetite, constipation, and breast and arm symptoms may still affect patients’ quality of life. However, the impact is much lighter than those symptoms mentioned above, perhaps because these symptoms usually appear during the acute phase of treatments and can be controlled by specific traditional medicines in Asia (88, 89).

This review used two tools to evaluate the HRQoL of BC patients, namely, EORTC QLQ-C30 and QLQ-BR23. Both tools represent patient-reported outcomes (PRO), which demonstrate the patients’ physical, psychological, and social response to disease and therapy from their own perspective but not from that of the physician or anyone else. The evaluation clearly shows that the patients’ functioning and symptoms interact with each other, jointly leading to the decline of HRQoL in BC patients. We therefore suggest that a holistic assessment of BC patients is necessary to provide targeted psychological and medical treatments and enhance their quality of life.

Nevertheless, there are still some limitations to this article. First, likely due to the specific methodological limitations of cross-sectional studies included in the meta-analysis, considerable heterogeneity was observed among the studies that evaluated the HRQoL of BC patients. Second, only studies published in English and Chinese were searched, and research projects that did not provide merged data were excluded. Third, gray literature was excluded from our review because of the difficulty of conducting a quality assessment without a detailed description of the methodology and peer review.




Conclusion

BC patients in Asia have a lower HRQoL under the high prevalence, growing incidence, and advanced breast cancer diagnosis at an earlier age. As assessed by EORTC QLQ-C30 and QLQ-BR23, Asian BC patients have different degrees of impairment in physical, social, sexual, and other functioning and suffer from various symptoms, including, but not limited to, fatigue, pain, insomnia, and the influence of financial difficulties, resulting to decline in their quality of life. Therefore, raising awareness of routine breast cancer screening in the Asian population is the first fundamental measure to curb BC deterioration and avoid s adverse impact on HRQoL. Since the symptoms of BC affect the body functions of BC patients, and serious symptoms of this illness can lead to psychological dilemma and mental disorder and vice versa, the mutual effects change over time; thus, and a dynamic assessment of BC patients and a corresponding treatment plan are essential and should be ensured. Psychological interventions with one-on-one psychotherapy and cognitive behavioral therapy (CBT) can also be introduced to relieve patients’ negative emotions caused by poor body image perceptions, such as embarrassment about hair loss and uneasiness about visible scarring. In addition, encouraging patients to seek help from their social networks could be an important approach to improving their psychological state. For pain, insomnia, arm dysfunction, and other symptoms, it is recommended that caregivers use traditional Asian medicine to help BC patients alleviate those symptoms in a cost-effective way. Finally, in view of the high prevalence of breast cancer in Asia, each country in Asia should do its best to increase the coverage of their healthcare systems so that BC patients’ financial difficulties may be alleviated.
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Breast cancer has a high mortality rate among malignant tumors, with metastases identified as the main cause of the high mortality. Dysbiosis of the gut microbiota has become a key factor in the development, treatment, and prognosis of breast cancer. The many microorganisms that make up the gut flora have a symbiotic relationship with their host and, through the regulation of host immune responses and metabolic pathways, are involved in important physiologic activities in the human body, posing a significant risk to health. In this review, we build on the interactions between breast tissue (including tumor tissue, tissue adjacent to the tumor, and samples from healthy women) and the microbiota, then explore factors associated with metastatic breast cancer and dysbiosis of the gut flora from multiple perspectives, including enterotoxigenic Bacteroides fragilis, antibiotic use, changes in gut microbial metabolites, changes in the balance of the probiotic environment and diet. These factors highlight the existence of a complex relationship between host-breast cancer progression-gut flora. Suggesting that gut flora dysbiosis may be a host-intrinsic factor affecting breast cancer metastasis and progression not only informs our understanding of the role of microbiota dysbiosis in breast cancer development and metastasis, but also the importance of balancing gut flora dysbiosis and clinical practice.
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1 Background


1.1 Epidemiology and staging of breast cancer

The 2020 Global Cancer Statistics report shows that female breast cancer is the most common cancer worldwide, with the highest number of new cases annually (approximately 11.7% of all new cases in both men and women), having overtaken lung cancer (11.4%) (1). There are four main subtypes of breast cancer, approximately 75% of them are positive for ER and/or PR (2). The luminal A (ER and PR positive, HER2 negative, low Ki67) subtype accounts for approximately 40% of all cases; it is characterized by low invasiveness, a low recurrence rate, a high survival rate, and the best response to hormonal therapy (3). In turn, the luminal B (ER and PR positive, HER2 positive or HER2 negative, with high Ki67) subtype is responsible for 10–20% of all cancer cases, has a higher relapse rate, proliferative index, and lower recurrence survival (4–6). HER2 positive (non-luminal) were defined as HER2 overexpression or amplification, ER and PR absence, and survival rate significantly improvement with targeted therapy (7). Triple‐negative breast tumors (TNBC) are defined as ER, PR, and HER2 negative. TNBC which makes up approximately 15% of all breast tumors and have a high risk of distant relapse in the first 3 to 5 years following diagnosis (8, 9).

With advances in early diagnosis and comprehensive treatment, the prognosis for patients with breast cancer has improved; however, the incidence of metastasis is also increasing (10). It has been reported that 20%–30% of patients with breast cancer can develop metastases after diagnosis and treatment of the primary tumor, with metastases being the cause of approximately 90% of deaths (11). Breast cancer shows a tendency to metastasize to a variety of organs, including bone, lung, liver, and brain, which is termed metastatic heterogeneity. Bone metastases account for approximately 75% of metastases (12), with an overall 5-year survival rate of 22.8% (13). Lung is the second most common site of breast cancer metastasis (14), with an overall 5-year survival rate of 16.8%. The liver is second only to lung as a metastasis site, but survival is poor relative to local, bone, and lung recurrences, with an expected 5-year overall survival rate of 8.5% (15). Brain accounts for approximately 15%–30% of metastatic sites in patients with metastatic breast cancer, limiting quality of life and a very short life expectancy (16–18).

The priority of metastasis varies from organ to organ, resulting in differences in prognosis and treatment response. A widely accepted model of metastasis is the “seed and soil” hypothesis proposed by Paget (19), which initially revealed that successful colonization of second organs depends on the intrinsic properties of the tumor cells and the compatibility and support of the microenvironment.



1.2 Intestinal flora dysbiosis


1.2.1 Gut microbiota composition in human health

A dynamic balance is maintained between the microbiota and the host, and this balance plays an important role in human health by influencing the physiological functions of the organism. A healthy intestinal microbiota is composed mainly of the phyla Firmicutes and Bacteroidetes, followed by the phyla Actinobacteria and Verrucomicrobia (20). The distribution of microorganisms in the gastrointestinal tract varies longitudinally from the esophagus to the rectum, Helicobacter is the dominant species in the stomach and determines the microbial status of the entire gastric flora. While H. pylori inhabits the stomach as a commensal, other genera constitute the rich diversity of the gastric flora (21, 22). Conversely, this diversity is reduced when H. pylori cause disease. Firmicutes and Actinobacteria are the most dominant phylum in the duodenum (23). The jejunum is dominated by the growth of Gram-positive aerobic and facultative anaerobes, including Lactobacilli, Enterococci and Streptococci. In the ileum, with predominance of aerobic species, while the distal ileum has a similar bacterial body to the colon, with anaerobes and Gram-negative organisms (23). The bacteriophage in the large intestine is dominated by the phyla Firmicutes and Bacteroidetes. Furthermore, there are other important pathogens in the human colon, such as Campylobacter jejuni, Salmonella enterica, Vibrio cholera and Escherichia coli (E. coli), and Bacteroides fragilis (24, 25). The abundance of the Proteobacteria phylum is significantly lower in normal humans, and its absence along with the high abundance of genera such as Bacteroides, Prevotella and Ruminococcus indicates a healthy gut microbiota (26).



1.2.2 Gut microbiota function

Intestinal flora homeostasis has an important role in maintaining normal body function, The gut microflora creates a stable mucosal barrier for the intestine to prevent the invasion of pathogenic microorganisms (27). Gut microbes break down non-digestible compounds through anaerobic fermentation to produce compounds of short-chain fatty acids (SCFAs), which have good anti-inflammatory and chemopreventive properties and act as barrier protectors (28, 29) and are considered as tumor suppressors (30). Microorganisms containing Lipopolysaccharide (LPS), such as Salmonella and Escherichia coli, activate antigen presenting cells through pattern recognition receptors to produce cytokines, which together with endogenous glycolipid antigens and the major histocompatibility complex (MHC) class I-related glycoprotein CD1d activate Invariant natural killer T (iNKT) cells and participate in various immunomodulatory responses (31, 32). In addition, many intestinal microbiota are involved in bone remodeling processes as immunomodulators, such as Lactobacillus acidophilus, Lactobacillus plantarum, Lactobacillus rhamnosus GG, Lactobacillus reuteri, Lactobacillus paracasei and Bacillus clausii (33). The gut microbiota regulates nutrient metabolism by regulating lipid metabolism, propionic acid in short-chain fatty acids reduces fatty acid levels in liver and plasma and reduces food intake (34), and the gut microbiota regulates intestinal and plasma Lipopolysaccharide (LPS) levels by modulating the intestinal endocannabinoid (eCB) system (35), which affects adipose tissue metabolism. Intestinal flora are involved in the production of gastrin, insulin (36) and glucagon-like peptide-1 (GLP-1) (37, 38) through a paracrine pathway produced by enterocytes, and it is also involved in the synthesis of bile acids, cholesterol, bound fatty acids (39) and vitamin (40), thereby regulation of endocrine levels and metabolic changes in the host. The gut microbiota synthesizes a number of neurochemicals, (e.g., gamma amino butyric acid (GABA): an inhibitory neurotransmitter), which influence central nervous and gut function (41). A gut-brain microbial axis exists between gut microbes, the gastrointestinal tract and the central nervous system (42), which links brain emotional centers to mechanisms such as gut function, gut neural reflexes and gut endocrine signaling to jointly coordinate organismal changes (43, 44). Circulating SCFAs produced by gut microbiota metabolism affect the integrity of the blood-brain barrier (BBB) by increasing the production of tight junction proteins, and increased BBB integrity reduces the entry of undesirable metabolites into brain tissue and strengthens the defense mechanisms of the blood-brain barrier (45). Compounds produced by the metabolism of the gut microbiota, such as lipoproteins and lipopolysaccharides, affect autoimmune function by stimulating the release of cytokines from immune cells. These cytokines can cross the BBB and activate neurons, altering neurological function and leading to changes in mood and behavior (46), providing new ideas for the treatment of brain dysfunction.



1.2.3 Dysbiosis

Dysbiosis refers to a state in which the intestinal flora loses its normal “beneficial” function and is continuously disturbed, causing disease. It is associated with a large proportional change in the composition of the microbiota beyond the normal range caused by host-related and environmental factors (47). Dysbiosis is usually characterized by the following feature: Bloom of pathobionts (48), Loss of commensals (49) and Loss of alpha diversity (50–52), which can be present individually or simultaneously and mutually exclusive. Currently, dysbiosis has a causal relationship with the manifestation, diagnosis or treatment of specific diseases, from the perspective of the composition of the intestinal microflora, mainly originating from Infection and inflammation (53, 54); Diet and xenobiotics (55, 56); Genetics (57) and Familial transmission (58–60) etc.



1.2.4 Link between dysbiosis and cancer

Dysbiosis states may negatively affect the organism leading to various disease states. The microbiota may have some tumor suppressive effects on the host, and deviations in flora balance may be associated with cancer development (61). Studies (62–67) have identified direct and indirect roles of the gut microbiota in carcinogenesis, cancer treatment and prevention. including colon (66, 68, 69), gastric (70–73), lung (74, 75), prostate (76–78) and breast cancers (79) (Tables 1, 2), and suggest that the gut microbiota and these cancers are interlinked through tumor suppression and tumor initiation factors. Modification of the composition and activity of the intestinal flora through the administration of prebiotics, probiotics and synthetics, providing benefits to patients with colorectal cancer, such as: modulation of immunity, improvement of bile acid metabolism and restoration of intestinal microbial diversity (68). H. pylori is one of the major causative factors of gastric cancer. Probiotics against H. pylori through various mechanisms, including: secretion of antibacterial compounds; inhibition of H. pylori colonization; action through stimulation of mucin synthesis; and modulation of host immune response, which provides new perspectives on gastric cancer prevention and treatment (100). It was found that memory T and NK cell profiles were increased in peripheral blood samples from patients with beneficial and diversity-rich gut microbes. This has important implications for predicting the response to anti-PD-1 immunotherapy in Chinese non-small-cell lung cancer patients (101). Gram-positive bacteria stimulate the production of specific subpopulations of “pathogenic” T helper 17 (pTh17) cells and memory Th1 immune responses, and the absence of these bacteria leads to reduced pTh17 responses and cyclophosphamide tumor resistance, demonstrating that the gut microbiota contributes to the formation of anti-cancer immune responses in lung cancer patients (102). However, the symbiotic gut microbiota promotes endocrine resistance in castration-resistant prostate cancer by providing an alternative source of androgens, implying that the gut flora may play a negative role in this process (103). Gut bacteria can regulate insulin-like growth factor-1 (IGF1) levels in the host via short-chain fatty acids, thereby promoting the proliferation of prostate cancer cells, then modulating the gut microbiota to influence the gut microbiota-IGF1-prostate axis may be beneficial in the prevention and treatment of prostate cancer (104). In addition, the use of gut microbiota analysis to predict patient response to immune check inhibition sites has emerged in cancer treatment, e.g., breast cancer (105). Currently, the role of gut microbes in the development of various cancers varies, and their variation may have implications for achieving more personalized precision medicine in oncology.


Table 1 | A summary of studies addressing changes in microbiota between breast cancer tissue, non-cancerous adjacent tissue and healthy breast tissue.




Table 2 | A summary of studies addressing changes in gut flora between breast cancer patients and non-breast cancer patients.






1.3 The role of microbiota in breast tumourigenesis


1.3.1 Estrogen and metabolism

The gastrointestinal microbiome regulates systemic estrogen, and the development of postmenopausal breast cancer is associated with disordered (high) levels of estrogen in the body (106). The metabolism of estrogen occurs in the liver, where the metabolites are conjugated and excreted into the gastrointestinal lumen within the bile. They are de-conjugated by β-glucuronidase-producing bacteria in gastrointestinal lumen, and then they are reabsorbed as free estrogens through the enterohepatic circulation to reach breast (107). All the genes in the gut flora that metabolize estrogen are collectively known as the estrobolome (108). A study found that difference s in urinary estrogen levels were associated with beta-glucuronidase activity in pre- and post-menopausal women, and that gastrointestinal flora could influence non-ovarian estrogen levels via the enterohepatic circulation (109). In addition, urinary estrogen levels in men and postmenopausal women were strongly correlated with all indicators of microbiota richness and diversity in faeces, with non-ovarian-acting systemic estrogens significantly associated with fecal Clostridium perfringens (including non-clostridial and three genera of the family Rhizobiaceae), and Gut microbiota may influence estrogen-related diseases in the elderly (109), such as Postmenopausal Breast Cancer. Many of the microbes associated with breast cancer have the β-glucuronidase enzymatic activity mentioned above, which prevents the binding of estrogen and other compounds and makes them biologically active, thus affecting local and systemic levels of estrogen and its metabolites (79, 110). During estrogen metabolism, the gut acts as an important site for estrogen reactivation and microorganisms act locally or distally to regulate disease development and homeostasis (111). When the balance of the intestinal environment is disrupted and the structure and ratio of the flora are imbalanced, excess intestinal bacteria, Lipopolysaccharides and pro-inflammatory cytokines are produced, and this change disrupts the integrity of the intestinal mucosa, which in turn triggers inflammation after bacterial translocation (112). In addition to those involving hormone metabolism (estrogen and progesterone),Studies in growing numbers are exploring the relationship between the gut microbiome and breast cancer risk via a non-estrogen-dependent pathway. Obesity, insulin resistance, dyslipidemia, leukocytosis, and elevated C-reactive protein (113) are associated with reduced gut microbial diversity, some of which are associated with breast cancer. Studies have demonstrated that metabolic health status (as defined by the homeostasis model assessment of insulin resistance [HOMA-IR] index, or fasting insulin level), but not obesity per se, may be an associated factor in the risk of postmenopausal breast cancer development, suggesting that hyper insulinemia is an important risk factor for breast cancer (114). Karen L Margolis et al. demonstrated an increased risk of invasive breast cancer in postmenopausal women with higher white blood cell counts (115), Nicholas J Ollberding et al. concluded that circulating C-reactive protein levels44 reflecting adipokines and systemic inflammation were associated with the risk of postmenopausal breast cancer, independent of Body fat rate (116), These further support the possibility that inflammation may be associated with the initiation, promotion and progression of breast cancer. In addition, breast cancer in postmenopausal women is significantly associated with the immune-recognised (IgA-positive) and -unrecognised (IgA-negative) gut microbiota, the former possibly through immune-mediated pathways and the latter possibly through the enterohepatic circulation effects of estrogen (117). It was shown that the microbiota of breast tissue is different from that of mammary skin tissue, where bacterial species are more abundant than in skin tissue, and more operative taxonomic units (mostly low abundance) were observed in the breast tissue microbiota. These taxa with different abundance were from the phyla Firmicutes, Actinobacteria, Bacteroidetes, and Proteobacteria (88). A comparison of breast tissue from breast cancer patients and normal women revealed higher levels of Enterobacteriaceae and Staphylococcus and increased numbers of Bacillus in breast cancer patients (87). In contrast, Lactobacillus and Streptococcus were higher in healthy women and have anticancer properties that may play a role in the prevention of breast cancer (118). Prevotella, which produces SCFAs propionic acid and exerts benefits in the intestine, was higher in healthy women compared with breast cancer patients (119). Further study of bacterial metabolites and bacterially induced host metabolites would provide insight into the role of bacteria in the role of breast disease will provide important information.



1.3.2 The role of antibiotics

Indirect evidence suggests that the development of breast cancer is strongly associated with alterations in specific microbiota when taking antibiotics or probiotics. Through a large-scale analysis of nearly 4 million women, Simin et al. (120) showed a specific dose-dependent relationship between antibiotic use and breast cancer, with a different correlation between the type of antibiotic and breast cancer risk, such as β-lactams, macrolide (121). Irregular use or overuse of antibiotics may increase the risk of gut dysbiosis and decrease microbial diversity, and this effect may be long-lasting (122, 123), For example: co-amoxiclav and clarithromycin, Cefprozil, Amoxicillin, etc. Also, overuse of antibiotics (penicillins, streptomycin, chloramphenicol, tetracyclines, erythromycin, cephalosporins and their analogues) decreases plasma levels of lignans-enterolactone, which can increase the risk of breast cancer by affecting the microbiota (124). A study has shown that the increased excretion of bound estrogens in the feces of patients treated with ampicillin suggests that the gut microbiota are actively involved in estrogen metabolism and can have some effect on the pathogenesis of breast cancer by altering the individual’s microbial status (106). Antibiotics have been shown to disrupt the microbiota, leading to a reduced response by tumor cells to platinum-based chemotherapy and immunotherapy (106, 125, 126), suggesting that a stable microbiota is necessary for an optimal response to antitumor therapy.



1.3.3 Regulation of chronic inflammation and immunity

Microbiota may promote the risk of malignancy by inducing the persistence of chronic inflammation, disrupting the balance between cell proliferation and death in the body, and triggering uncontrolled innate and adaptive immune responses (127, 128). A putative inflammatory mechanism associated with breast carcinogenesis has been demonstrated to be the upregulation of cyclooxygenase 2 (COX2) and its product prostaglandin E2 (PGE), which would increase the expression of aromatase in adipose tissue, thereby promoting the conversion of androgen precursors to estrogens (129, 130) and increasing the risk of breast carcinogenesis. Studies have demonstrated that a potential inflammatory biomarker, mucosal secretory immunoglobulin A (IgA) (131), can maintain the integrity of the mucosal barrier by regulating the composition of the intestinal microbial community, thereby attenuating the host’s innate immune response. The link between breast cancer and the mucosal secretory IgA has been established (117). This mechanism places some limits on the participation of intestinal microbial antigens in the circulation of the body, and some limits on the invasiveness of potentially dangerous microorganisms (132). Certain specific microbiota may also maintain breast health by stimulating the host inflammatory response. For example, specific bacteria S. yanoikuyae are present in the breast tissue of healthy women and their abundance is significantly reduced in the corresponding tumor tissue. An increase in its abundance may lead to a decrease in bacterial-dependent immune cell stimulation in the body, resulting in a reduced environmental risk level for the development of breast tumors (80). Studies have also confirmed the role of microorganisms in regulating specific immune processes in the development of cancer (133), For example, Lactococcus spp. can activate important cells associated with tumor growth (murine splenic NK cells), maintain their cytotoxicity, and enhance cellular immunity (134). In another case-control study, Goedert and colleagues (117) investigated the role of immunity and inflammation in breast cancer risk and whether the gut microbiota differed in the composition of the immune recognition microbiota and found significant differences in the composition, abundance and alpha diversity of the microbiota between the IgA+ and control IgA- groups in cancer cases and correlated with changes in high and low estrogen levels. This suggests a significant association with IgA+ and IgA- gut microbiota in postmenopausal women with breast cancer, suggesting that the gut microbiota may influence breast cancer risk through altered metabolism, estrogen cycling and immune pathways.



1.3.4 Genomic stability and DNA damage

DNA damage may not be sufficient to promote cancer development, but microbes can trigger transformation by destabilizing genes, cell proliferation and death, and it has been demonstrated that microbes cause cancer development by damaging host DNA in order to survive (135). Urbaniak et al. (87) found that Escherichia coli (a member of the Enterobacteriaceae family) isolates and a Staphylococcus epidermidis isolate from normal adjacent tissues of breast cancer patients had the ability to induce DNA double-strand breaks, thus causing genomic instability (136). In addition, some bacterial species may eventually lead to genotoxicity by increasing the production of reactive oxygen species (137).





2 Current status on breast cancer progression, metastasis and microbiology


2.1 Enterotoxigenic bacteroides fragilis

Bacteroides fragilis is a common colonic colonizing enterobacterium (138) whose virulence is attributed to a 20 kDa zinc metalloprotease toxin known as B. fragilis toxin (BFT) (139). With reference to the effect of enterotoxigenic B. fragilis (ETBF) intestinal or ductal colonization on breast cancer progression in the mammary intraductal model, Parida S et al. (140) colonized BALB/c mice via the teats with ETBF or a non-toxic mutant B. fragilis (086Mut) that does not secrete BFT. The presence of BFT was found to be detected in the mammary glands of ETBF-carrying mice compared to controls, with a 3.9-fold higher tumor volume than 086Mut controls, enhanced lung and liver metastases, and more proliferative tumors forming in the ETBF group, exhibiting a mesenchymal phenotype. Moreover, trichrome staining showing significantly higher stromal infiltration, demonstrating that ETBF intestinal or ductal colonization was associated with breast cancer progression and distant metastasis. Furthermore, significant differences in breast tissue structure were found in the ETBF group compared with the 086Mut control group (140), including extensive local inflammation and tissue fibrosis, Ki-67 and proliferating cell nuclear antigen staining showed increased epithelial cell proliferation, CD3 staining showed increased T-cell infiltration, and significantly altered expression of pan-keratin, all indicating that BFT was associated with a significant increase in oncogenic cell activity and growth rate. The study also found that RNA-seq analysis of secondary tumors arising from breast cancer cells treated with BFT showed enrichment of the β-catenin pathway. The expression of several Notch-responsive genes was enriched in breast cancer cells suggesting that BFT also triggered activation of the Notch1 pathway. The results advance our understanding of the molecular mechanisms associated with ETBF/BFT and breast cancer progression (140), and point to a hypothesis that dysbiosis or disruption of the gut flora might be associated with breast cancer metastasis and progression, and that inhibition of manipulable key molecules or pathways could potentially reduce the impact of ETBF infection on breast cancer.

In looking at whether BFT affects the tumorigenicity of breast cancer cells, the team found that, compared with cells from the control group, BFT-pretreated MCF-7 and MCF-10A cell groups showed greater invasion and migration, with local tumor expansion and the formation of multifocal tumors resembling local metastases (140).However, it was not clear whether ETBF spread from within the gut to the breast or whether gut-infected mice acquired the mammary gland infection through environmental factors. Data from RNA-seq analysis of secondary tumors with limited in vivo formation showed higher expression of genes associated with migration, homing, and metastasis in the BFT pre-treatment group, suggesting that BFT production by ETBF intestinal colonization might be associated with the initiation of breast cancer metastasis; and breast cells exposed to BFT showed dramatic changes supporting cell motility, embryonic pluripotency pathways, expression of metastatic genes, and molecular mechanisms. However, it cannot be demonstrated that ETBF can be the sole driver directly triggering the transformation of human breast cells into tumor cells or interacting with other microbiota to show oncogenic activity.



2.2 Antibiotic-induced intestinal flora dysbiosis and the progression of breast cancer metastasis

To assess the effect of pre-established dysbiosis on the metastasis of hormone receptor–positive (HR+) breast cancer in a more aggressive and metastatic tumor model, Parida S et al. (141) evaluated tumor spread to the lung and axillary lymph nodes in a highly metastatic MMTV-PyMT mouse model with reference to the poorly metastatic HR+ mouse breast cancer cell line BRPKp110. The results were similar to those observed in the BRPKp110 cell line: where the spread of tumor cells to the lung was significantly increased after commensal dysregulated of the intestinal flora due to antibiotic treatment, independent of tumor volume. Moreover, the tumors progressed with the same kinetics regardless of the symbiotic dysregulation status in the experimental mice, suggesting that symbiotic dysregulation has a significant and sustained effect on HR+ breast cancer dissemination and that the enhanced ability of cancer cells to spread in symbiotically dysregulated mice is independent of tumor growth kinetics. To confirm the impact of the flora-dysregulation-driven host-intrinsic differences in inducing propagation in a mammary tumor model, they tested the symbiotic dysregulation using the L-Stop-L-KRasG12Dp53flx/flxL-Stop-L-Myristoylated p110α-GFP+ induced mouse model of breast cancer (141), and found that consistent with that observed in the homozygous model, the lungs of mice with dysbiosis of the intestinal flora showed a higher frequency of disseminated tumor cells. No significant increase in GFP+ tumor cells was observed in the distal lymph nodes. Those results confirmed that dysbiosis is independent of primary tumor growth and is associated with enhanced tumor cell dissemination; they also suggest that the tumor dissemination enhancement is the result of host dysbiosis rather than of intrinsic differences in tumor aggressiveness. Macrophages in the mammary gland may promote the metastasis of mammary tumors in experimental animals (142). Parida S et al. (141) found that commensal dysbiosis influenced the frequencies and numbers of macrophages during early or advanced stages of mammary tumor progression. Macrophages are one of the most abundant cell types within the breast tumor-microenvironment (143) and are a significant prognostic indicator of reduced survival for patients diagnosed with HR+ breast cancer (144). They observed that the majority of myeloid infiltrates within the mammary tumor microenvironment were M2-like macrophages during at early and advanced stages of tumor progression based upon CD206 expression. Importantly, the number of infiltrating tumor-promoting M2-like macrophages was significantly increased in advanced tumors of mice in the dysbiotic mice compared to non-dysbiotic controls with equal tumor burden. These data suggest that systemic expression of inflammatory mediators is increased in mice with dysbiosis tumors and that commensal dysbiosis acts synergistically with developing tumors to enhance myeloid recruitment into mammary tumors. Enhanced interstitial density or dense breast tissue is a recognized risk factor for the development of breast cancer metastases (145) and intra-mammary pro-tumor inflammation (146). They found that pre-established dysbiosis was associated with significantly enhanced collagen deposition in normal adjacent mammary glands and in tumors, and that collagen accumulation was slightly increased in the lungs of advanced tumor-bearing mice with dysbiosis, suggests that enhanced local and distal fibrosis is a long-term consequence of dysbiosis during breast cancer. Parida S et al. to determine whether gastrointestinal dysbiosis is sufficient to enhance mammary tumor cell dissemination (141), and a fecal microbiota transplantation (FMT) method was used, Both the experimental and control group and control groups were BRPKp110 breast tumor cells, Mice receiving flora-dysregulated cecal contents by FMT also showed enhanced infiltration of inflammatory myeloid cells into the mammary tissue and increased accumulation of myeloid cells into tumor tissue. Similar effects were observed in the mammary gland and tumor tissue during the advanced stages of tumor progression—that is, mammary gland tissue and tumors showed enhanced tissue fibrosis. Importantly, the spread of tumor cells to peripheral blood, lung, and distal axillary lymph nodes was also significantly increased in mice receiving dysbiosis flora (rather than “normal” FMT) by FMT, considering that a dynamically imbalanced microbiome is sufficient to enhance the metastatic spread of breast cancer. Moreover, it may be an independent correlate of the distant spread of tumor cells. Further supporting the idea that dysbiosis contributes to the evolution of breast tissue and/or tumors toward more aggressive and high-grade disease. regardless of the metastatic potential of the HR+ breast tumor model used in the study, dysbiosis of the gut flora was associated with enhanced dissemination and metastasis of breast tumor cells.

Changes in the gut microbiota also to effects in metabolites, and inflammatory signaling pathways can be amplified or inhibited. Using an in-situ mouse model of breast cancer, Kirkup et al. (147, 148) found significant differences in metabolic regulatory pathways across the tumor transcriptome in animals treated with broad-spectrum antibiotics, and single-cell transcriptomics revealed that the stromal cell population was altered in breast tumors from antibiotic-treated mice. The main form of the alteration was an increased number of mast cells, which accelerate tumor progression. The breast cancer model used a PyMT-derived ductal lumen cell line (PyMT-BO1) to investigate the role of gut microbiota in regulating the growth of primary mammary tumors (149). Disruption of intestinal microbiota by gavage administration of oral antibiotics (vancomycin, neomycin, metronidazole, amphotericin, and ampicillin [VNMAA]) prior to administration of tumor cells to animals, producing severe intestinal microbial changes (150, 151), and although no significant differences in tumor tissue structure were observed in those animals compared with a control group receiving plain water, significantly accelerated tumor growth was observed. Under a similar treatment regimen (152), enhanced growth resembling basal-like breast cancers was observed when spontaneously derived basal cells (EO771) were implanted in situ, suggesting that antibiotic-induced microbiota disruption can drive disease progression in multiple breast cancer subtypes. To determine the effect of the VNMAA mixture on the microbiota, microbial DNA was isolated from the cecum of control and VNMAA-treated animals on day 18 and subjected to birdshot macro-genomics analysis. The analysis revealed dramatic changes in the populations and overall diversity of the bacteria obtained from the animals that received VNMAA treatment, with the Shannon diversity index showing that the abundance of several microbial communities in the gut of antibiotic-treated mice was significantly reduced. In parallel, some communities (e.g., Fusobacterium nucleatum) persisted or overgrew. The composition of the gut microbiota was significantly altered in terms of species, abundance and overall diversity following the use of antibiotics, which was associated with accelerated tumor growth and an increase in mast cells in the tumor stroma. To determine whether mast cells affected tumor growth, Kirkup et al. (147) treated control and VNMAA-treated tumor-bearing mice with cromolyn (a mast cell stabilizer) and found that cromolyn inhibited tumor growth in the antibiotic-treated animals. Notably, the VNMAA-treated group without cromolyn treatment showed a significant increase in tumor size when compared to the control animals treated with cromolyn, and an increase in the number of mast cells was observed in sections of the EO771 tumor stroma taken from VNMAA-treated mice (147, 148). Those data suggessed the key role that mast cells play in tumor progression after antibiotic-induced microbiota disruption in mouse breast cancer: when vancomycin alone was used to induce microbiota disruption, effects similar to those already described were observed in a completely different model of breast cancer. Possibly, microbiota disruption was associated with increased homing of mast cells to, and/or increased proliferation within, tumor. However, given that mast cells in the control animals did not affect tumor progression, the pro-tumor function observed was shown to be specifically regulated by the microbiota. Given confirmation that antibiotic disruption of the gut microbiota has a detrimental effect on breast cancer, antibiotic-induced dysbiosis of the flora and dysregulation of the associated metabolites could be hypothesized to promote tumor growth by reprogramming mast cell homing and/or function. Future studies might consider determining the changes that occur in mast cells and breast tumor cells in response to gut dysbiosis. Kirkup et al. (147, 148) used a mixture of vancomycin, neomycin, metronidazole, and amphotericin (VNMA) to assess DNA concentrations in feces after microbiota dysbiosis and found very low DNA concentrations in the feces of the experimental group compared to the control group (water treatment). Importantly, the rate of PyMT-BO1 and EO771 breast tumor growth was significantly increased after disruption of the gut microbiota in the treated animals compared with the control animals (water treatment). Transcriptomic analysis also revealed dramatic differences in the regulation of metabolic pathways after antibiotic-induced dysbiosis of the intestinal flora, suggesting that accelerated breast cancer tumor growth might be associated with metabolic reprogramming. Fecal metabolomics was confirmed by 1H NMR spectroscopy analysis, which showed that 8 metabolites were elevated and 9 were significantly reduced in the major components of fecal samples from antibiotic-treated animals compared to fecal samples from control animals (147). Several of these amino acids (among them alanine, histidine and aspartic acid) were significantly increased in the antibiotic-treated animals. In contrast, the SCFAs butyrate and acetate, but not the branched-chain fatty acid isovalerate, were significantly reduced. Microbiota-derived butyrate is readily absorbed from the gut and can play a role in inhibiting histone deacetylases (153) in a variety of diseases, including cancer. Inhibition by butyrate can sensitize cancer cells to reactive oxygen species–induced apoptosis, thereby inhibiting the proliferation of breast cancer cells (154), but its role in the organism is yet to be confirmed in clinical trials. The authors hypothesized that a decrease in the bioavailability of the intestinal flora metabolite butyrate plays a role in enhanced tumor metabolism. Metabolites from the gut can reach distant tissues and organs such as the breast via the circulation, where they might play a role in regulating cancer cell function. Kirkup et al. noticed that antibiotics associated with breast cancer (e.g., cefadroxil, which is widely used in the USA after mastectomy). C57BL/6 mice carrying PyMT-BO1 tumor cells and receiving a cefadroxil dose equivalent to that in human patients experienced a significant acceleration in tumor growth. Analysis of the gut microbiota of the animals showed that the microbiota aggregates in samples from the experimental and control animals were independent and clustered differently before and after treatment. The relative abundance of Lactobacillus decreased over time in the control and experimental groups, and this appeared to be replaced mainly by fecal genera in the control animals, however, this did not occur in the antibiotic-treated animals. The genus with the most significant change in the microbial composition of the animals in the experimental group compared to the pre-treatment samples was Lactobacillus, but there was no significant difference before and after the control group. We presume that the disappearance of Lactobacillus might be driven by tumor cells, tumor–microbiota interactions, or natural maturation of the microbiome rather than by cefadroxil administration. Further analysis revealed differences in the abundance of 11 genera after cefadroxil treatment: Mucispirillum, Marvinbryantia, Parabacteroides, Anaeroplasma, Bacteroides, and Paraprevotella were significantly higher, and Alloprevotella, Alistipes, Odoribacter, Faecalibaculum, and Anaerotruncus were significantly lower. When multiple comparisons were made, 8 genera were significantly altered after antibiotic treatment. the genera that were significantly lesser abundant in treated animals relative to the controls, several are known butyrate-producing bacteria (e.g., Odoribacter and Anaerotruncus) or genera carrying the genes required for butyric acid production (e.g., Faecalibaculum and Alistipes) (147), consistent with the significant reduction in butyrate production observed in the metabolomic analysis of feces. That observation suggests that the use of a single antibiotic associated with breast cancer causes significant changes in microbiota genera and aggregation, potentially correlating with the tumor growth rate, but without a direct link to accelerated growth of breast tumors.



2.3 Effect of changes in metabolites following microbial perturbation on breast cancer metastasis

A major signaling route between the microbiome and the host is the secretion of Microbial metabolites that enter the circulation and reach their target cells (155–158). microbial metabolites synthesized in organs or glands (in this study, in the microbiome) function much like human hormones, in that they transfer to other anatomic locations and exert biologic effects (159). Microbial metabolites can enter the circulation and interfere with the steady-state of the intestinal and other local environments, acting as signaling mediators that influence the progression of breast cancer. SCFAs (160, 161), Lithocholic acid (LCA) (162–165), cadaverine (166), and de-conjugated estrogens (96, 109, 167), these metabolites have the ability to inhibit tumor-cell proliferation, the conversion of epithelial cells to mesenchymal cells, tumor metastasis, and cell migration and metastasis, and to induce antitumor immunity, to restructure cell metabolism, to induce senescence, and lower the number of tumor stem cells (164, 166, 168, 169).

The finding that perturbations in the gut microbiome are associated with tumor propagation at a distance supports the idea that the gut microbiome can be considered to be an endocrine gland (159, 170). Some metabolites associated with the activity of gut bacteria can enter the bloodstream and have been shown in vitro to affect the functioning of breast cancer and immune cells. Members of the microbiota can digest certain indigestible components of the human diet (e.g., dietary fiber), and SCFAs—for example, acetate, propionate, and butyrate—are components of metabolized dietary fiber (30, 171) and act as modulators of the host’s immune response. Bioactive compounds such as metabolic polyphenols (172) promote the growth of beneficial bacteria such as Bifidobacterium and Lactobacillus and produce SCFAs (173, 174). Some studies have shown that microbially derived homologous receptors for SCFAs were associated with a reduction in the invasive potential of breast cancer cells, with the homologous receptor FFAR2 inhibiting the Hippo-Yap pathway and increasing the expression of the adhesion protein E-cadherin, and FFAR3 inhibiting MAPK signalling (175), particularly butyrate, which has anticancer effects, as demonstrated in cancer cell cultures (176, 177) and animal models (160). Crucially, those microbial metabolites are produced after fermentation and/or metabolism of dietary components, and one of the key roles of the microbiota is to break down complex foods into simple bioactive compounds.

In the gut, disruption of the microbiota breaches the biologic barrier between it and the underlying tissue, leading to adverse physical contact between microbes and host cells, inducing paracrine production of bacterial metabolites (135). Changes in the microbiome have been associated with metabolic diseases such as obesity and type II diabetes (178), which are risk factors for certain cancers, including breast cancer (80, 179). The intestinal flora is responsible for the conversion of primary bile acids to secondary bile acids (180), and changes in the intestinal microbiota can therefore directly affect changes in secondary bile acids. Edit Mikóah et al. (169) studied three secondary bile acids—LCA, deoxycholic acid, and ursodeoxycholic acid. Of those three, LCA was found to exert a tumor-suppressive effect by reducing the growth of MCF7, SKBR3, and 4T1 breast cancer cells. They tested the cytostatic properties of LCA in mice transplanted with 4T1 breast cancer cells and found that the ability of the primary tumor to infiltrate surrounding tissues and metastasize was significantly reduced after LCA treatment. This study was the first to provide evidence for a mechanism of interaction between the microbiome and breast cancer by describing that LCA, a metabolite of microorganisms in the gut, is transferred to the breast via the bloodstream and might play an important role in promoting antiproliferative effects in breast cancer. However, LCA might be produced by the breast’s own microbiota and not only by the gut microbiota. The ratio of those two sources (breast and gut) in terms of LCA abundance is unknown and requires substantial research and continued trials.

Cadaverine is produced through lysine decarboxylation by lysine decarboxylase (181). Shigella felis, Shigella sonnei, Escherichia coli, and Streptococcus are all capable of expressing it (182). Kovács et al. (166) explored the effects of cadaverine supplementation (500 nmol/kg) on mice homozygously transplanted with 4T1 breast cancer cells and found a reduction in the aggressiveness of the primary tumor. Histologic examination of the primary tumors after cadaverine treatment showed a reduced mitotic rate and heterogeneity of nuclear morphology in the mammary tumor cells. To assess whether cadaverine treatment could convert mesenchymal-like carcinoma cells into epithelial-like cells, increased cadaverine resistance was measured using ECIS (Electric Cell-substrate Impedance Sensing), which showed better cell adhesion. To verify that finding, cells stained with Texas Red-X phalloidin and observed under microscopy showed that, after cadaverine treatment, the fibroblast-like morphology of 4T1, MDA-MB-231 and SKBR-3 breast cancer cells had changed to a cobblestone-like morphology that is characteristic of epithelial cells, and the inhibition of matrix metalloproteinase 9 expression also confirms the decrease in tumour cell migratory properties. A cellular flux analyser assessed the metabolic changes induced by necrotropism and found a reduction in glycolytic flux, which is characteristic of breast cancer mesenchymal cells (183). Cadaverine exerts its anticancer effects by inhibiting epithelial–mesenchymal transition, cell motility, chemotaxis, and metastasis. A further assessment of the “stemness” of 4T1 cells using an aldehyde dehydrogenase assay found that “stemness” was also slightly reduced (166). Dysbiosis of the intestinal flora (i.e., a change in the basal environment) leads to a change in the level and type of metabolites produced, which might have no effect on reducing the proportion of stem cells in breast cancer and slowing the rate of metastasis or might have the opposite effect, promoting malignant progression of the tumor. In the early stages of breast cancer in dysbiosis mice, bacterial cadaverine biosynthesis in the gut is reduced, leading to lower production of anti-cancer bacterial metabolites. We can speculate that in the presence of disturbed or slightly disturbed gastrointestinal flora, the metabolites produced act as signaling mediators and a specific crosstalk reaction may occur with the host, and this process may be directly or indirectly linked to the metastasis, migration and invasion of mammary tumors in mice.



2.4 Role of probiotics to block breast cancer spreading

A few studies have found that probiotic preparations are gaining in popularity for the improvement of health conditions such as antibiotic-induced diarrhea, irritable bowel syndrome, and obesity (184, 185). The use of probiotics can reduce or inhibit tumor growth, reduce tumor angiogenesis, tumor cell extravasation and lung metastasis (186). Long-term disturbance of the gut microbiome, which disrupts the probiotic structure and composition, may conversely increase the risk of breast cancer metastasis (187, 188).

Lactobacillus casei, a type of probiotic, is a Gram-positive bacterium that is resistant to the body’s defense mechanisms. After entering the human body, L. casei can survive in large numbers in the intestinal tract and can play a role in regulating the balance of intestinal flora, promoting digestion and absorption, among other processes (189). It is highly effective in lowering blood pressure (190) and cholesterol (191), promoting cell division and antibody immunity, enhancing human immunity, preventing cancer, and inhibiting tumor growth. Aragón et al. (186) used milk fermented with L. casei CRL431 to evaluate its possible effects on tumor growth, tumor cell extravasation and lung metastasis in a mouse model. By comparing mice fed fermented milk (FM), mice fed regular milk and mice not fed any special food, it was found that the group fed FM showed an inhibition of tumor growth and a decrease in tumor vascular filling, tumor cell extravasation and lung metastasis. Khoury et al. (192) used kefir water, a fermented milk product containing probiotics, to treat BALB/c mice that had been transplanted with 4T1 mammary cancer cells and, in the treated mice, detected a significant reduction in tumor size and weight, a significant enhancement of helper T cells and cytotoxic T cells, a significant reduction in lung and bone marrow metastases. Zamberi et al. (193) found that kefir water (mix of Lactobacillus acidophilus, Lactobacillus casei, and Lactococcus lactis) exerted an anti- angiogenic effect on mouse mammary tumors by down-regulating the tumor-promoting invasive interleukin 1β and vascular endothelial growth factor (a key mediator of angiogenesis). In the above model, levels of the pro-angiogenic factor interleukin 6 were found to have declined (186, 189, 194, 195) after probiotic treatment, suggesting that downregulation by Lactobacillus might affect the metastatic potential of cancer cells. some study (186, 196, 197) demonstrated that milk fermented with Lactobacillus casei CRL431 (probiotic fermented milk (PFM)) reduced the side effects of capecitabine and reduced intestinal mucositis and mortality in a mouse model of breast cancer by modulating the immune response, this suggests the potential of PFM as a probiotic as an immune adjuvant that may reduce tumor growth and metastasis without compromising the anti-tumor/anti-metastatic effects of chemotherapy. They differentially regulate cancer-related signaling pathways in a cell-type-specific manner and play a suppressive role in the pro-tumor microenvironment (198–200). Conversely, disruptions in the intestinal flora might simultaneously or subsequently affect the probiotic environment, which could cause probiotics to lose their “dominant” role in the tumor environment, negatively affecting the control or inhibition of breast tumor cell growth or even accelerating the growth of tumor cells and promoting angiogenesis, becoming an indirect contributor to tumor metastasis. Yazdi et al. (201) demonstrated that selenium-nanoparticle-enriched L. brevis administered to mammary tumor-bearing BALB/c mice induced an effective immune response, resulting in reduced liver metastases and an increased lifespan, included increases in the T helper cytokines, interferon-gamma and interleukin 17, and enhanced natural killer cell activity. Hassan Z et al. Demonstrated that (202) Enterococcus faecalis and Staphylococcus hominis can significantly inhibit cell proliferation, induce apoptosis, and cell cycle arrest, and that they have no cytotoxic effect on normal cells, making them a good alternative drug for breast cancer treatment (Figure 1).




Figure 1 | The linkage between probiotic environmental homeostasis and breast cancer metastasis. A good diet (e.g. foods rich in dietary fiber, soy isoflavones, fucoxanthin and polyphenols) can reduce intestinal flora dysbiosis and thus harmonize the body to reduce the incidence and metastasis of breast cancer. Diet as an important factor in the stable composition of the host probiotic environment, through intestinal flora regulation. probiotic environmental homeostasis can play an adjuvant anti-cancer role in the progression and metastasis of breast cancer (lung, brain, liver, bone).



Figure 1. The linkage between probiotic environmental homeostasis and breast cancer metastasis

Probiotics have specific anticancer properties, and studies have shown that they can alter the expression of various genes involved in apoptosis (203), invasion and metastasis (204), maintenance of cancer stem cells (205), and control of the cell cycle (206). Probiotics have been highlighted as superior in the treatment of cancer. however, more pre-clinical and clinical studies are needed to determine which strains are beneficial during specific treatments before probiotic administration is considered safe and customisable for all individuals.



2.5 Diet affects the likelihood of breast cancer progression

Although the correlations between BRCA risk and dietary intake have been intensively studied, the underlying associations or effector mechanisms remain poorly understood. Historically, increased risk of BRCA has been tied to high intake of red meat and animal fat (207, 208), with decreased risk being concurrently linked to fruit and vegetables consumption (209). Changing dietary patterns affects the microbiome and Indirect affects the development of breast cancer. A case-control study in Japan showed that regular consumption of Lactobacillus casei Shirota and soy isoflavones from puberty onwards reduced the incidence of breast cancer in Japanese women (210); Newman TM et al. also indicated that the Mediterranean diet could prevent breast cancer, because of its inclusion of an abundance of plant-based foods and the lack of processed foods (211). Xue M et al. confirmed through experiments (212) that fucoidan increases the diversity of intestinal flora and can promote the intestinal barrier function, and he suggested fucoidan as a preventive agent for breast cancer. studies have shown that increased polyphenol intake is associated with higher levels of beneficial bacteria (such as Bifidobacterium and Lactobacillus) and SCFAs in humans (174), while also decreasing levels of bacteria that have been associated with disease, so‐called pathobionts. Diet is an important factor in all microbiota studies and can help maintain the stability of gut microbes, which can influence the development of breast cancer. If dietary interventions are to be successfully used in future treatments, studies of diet and microbiota metabolites might have to be conducted in parallel. Indeed, recent studies have highlighted the personalised response to individuals (and the microbiota) to the same diet (213), which highlights the limitations and challenges for next‐stage studies of this kind.

Alcohol consumption increases the risk of breast cancer, although alcohol itself is not a direct carcinogen, acetaldehyde, a product of alcohol metabolism, is a mutagen which can form adducts with protein and DNA, inducing gene mutation, DNA crosslinks and chromosomal aberrations (214–216). Many studies have also confirmed that alcohol consumption not only induces breast cancer development (217, 218) but also promotes the progression of existing breast tumors and induces a more aggressive phenotype (219–222). There are no clear reports to confirm the correlation between alcohol, microorganisms and breast cancer metastasis, but there is no doubt that alcohol causes dysbiosis of the intestinal flora (223–225). It is not difficult to guess that there may be an alcohol-gut flora-breast cancer axis, which means that changing lifestyle habits could have profound implications for the prevention and prognosis of the disease, but the role of gut flora in this needs to be studied in depth.

Details of the following studies included in this review are summarized in Table 3.


Table 3 | Correlation between factors that disturb the intestinal flora and breast cancer metastasis and progression.






3 Conclusions and future prospects

Globally, the number of factors affecting gastrointestinal dysbiosis is increasing and the gastrointestinal microbiome is emerging as an important player in the risk and progression of breast cancer. This provides an exciting new perspective on breast cancer metastasis, namely that the causes of intestinal dysbiosis are complex and variable, and that there may be a complex causal relationship between progression and metastasis of breast cancer. Therefore, treating the gut flora to stabilize the microenvironment may reduce pro-tumorigenic factors and their propagation in the tissue microenvironment, and establishing new strategies to balance these deleterious fluctuations is of interest in the treatment and prognosis of breast cancer. Given that several intrinsic and extrinsic factors are known and that the gut microbiota and breast cancer have an interactive relationship, future sequencing of the microbiota to capture metadata about dysbiosis and the selection of in vivo models are expected. Those steps will be informative and positive in reducing the risk of breast cancer progression and metastasis, and in guiding therapy for gastrointestinal symptoms or prognosis in patients with breast cancer. Future studies analyzing the gastrointestinal microbiota in patients with breast cancer should consider definitive stratification by histology and molecular science, which could require longer experience and a longer time frame. In addition, because of the large number of complex resident gut flora species, the difficulty of data collection and the unclear specific mechanisms of microenvironmental changes due to dysbiosis, studies and evidence linking the gastrointestinal microbiota to breast cancer metastasis and progression are currently relatively scarce and need to be validated by more specific and high-quality clinical trials and data, and there is an urgent need to combine different disciplines and microbiome studies and design new technical approaches.
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Carriers with BRCA1/2 germline pathogenic variants are associated with a high risk of breast and ovarian cancers (also pancreatic and prostate cancers). While the spectrum on germline BRCA mutations among the Chinese population shows ethnic specificity, the identification of carriers with germline BRCA mutation before cancer onset is the most effective approach to protect them. This review focused on the current status of BRCA1/2 screening, the surveillance and prevention measures, and discussed the issues and potential impact of BRCA1/2 population screening in China. We conducted literature research on databases PubMed and Google Scholar, as well as Chinese databases CNKI and Wangfang Med Online database (up to 31 March 2022). Latest publications on germline BRCA1/2 prevalence, spectrum, genetic screening as well as carrier counseling, surveillance and prevention were captured where available. While overall 15,256 records were retrieved, 72 publications using germline BRCA1/2 testing were finally retained for further analyses. Germline BRCA1/2 mutations are common in Chinese patients with hereditary breast, ovarian, prostate and pancreatic cancers. Within previous studies, a unique BRCA mutation spectrum in China was revealed. Next-generation sequencing panel was considered as the most common method for BRCA1/2 screening. Regular surveillance and preventive surgeries were tailored to carriers with mutated-BRCA1/2. We recommend that all Chinese diagnosed with breast, ovarian, pancreatic or prostate cancers and also healthy family members, shall undergo BRCA1/2 gene test to provide risk assessment. Subsequently, timely preventive measures for mutation carriers are recommended after authentic genetic counseling.
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Introduction

Breast cancer genes BRCA1 and BRCA2 are tumor suppressor genes that function in DNA double-strand break repair in the homologous recombination pathway. Mutated BRCA1/2 genes can cause BRCA1/2 protein deficiency and genome instability (1). Since the identification of BRCA1 and BRCA2 genes in the 1990s as the landmarks of hereditary breast and ovarian cancer, human beings enter the era of cancer genetic testing. Female BRCA mutation carriers have 60-80% of lifetime risk of developing breast cancer and 20-40% of risk of ovarian cancer (2). Mutation in BRCA is also associated with an increased risk of prostate and pancreatic cancers (3). In addition, BRCA pathogenic mutation carriers are significantly associated with increased disease risk for three additional cancers, including biliary tract cancer, gastric cancer, and esophageal cancer (4). Notably, BRCA1 pathogenic variants carriers have a 4.30, 2.36 and 2.17-fold elevated lifetime risk of the male breast, pancreatic and stomach cancers compared to non-carriers. BRCA2 pathogenic variants carriers have 44.0, 3.69, 3.34 and 2.22-fold elevated lifetime risk of the male breast, stomach, pancreatic and prostate cancers compared to non-carriers, respectively (5).

Early detection and prevention have been proven to reduce cancer incidence and mortality (while increasing cancer survival) in mutation carriers (3, 6). Therefore, identifying BRCA mutation carriers is important to reduce cancer risk. In this review, we conducted literature research on PubMed, Google Scholar and Chinese databases about germline BRCA1/2 mutation in the Chinese populations included literature published up to 31 March 2022. A total of 15,256 publications were obtained: PubMed (n=856), Google Scholar (n=6,153), CNKI (n=4,935) and Wangfang Med Online database (n=3,312). After removing duplicates, selecting the title and the abstract and carefully reading the whole paper, 72 publications related to germline BRCA1/2 testing were finally included. Based on the comprehensive literature review, we discuss population screening approaches for comprehensive identification of the BRCA mutation carriers in the Chinese population and propose the ideal procedure for achieving the goals in China (Figure 1) (7–11).




Figure 1 | The procedure of population screening for BRCA germline mutation carriers in China (7–11).





Overall prevalence and spectrum of BRCA mutation carriers in China and elsewhere

In the general Chinese population, the prevalence of pathogenic BRCA1/2 variation has been reported to range from 0.29 to 1.10% (0.02 to 0.34% for BRCA1 and 0.11 to 0.27% for BRCA2) (12–15).

The prevalence of BRCA1/2 in the general population varies by country and ethnicity (16, 17). It was 0.18% in a Malaysian group of 2,809 individuals, 0.26% among 22,731 Japanese, 0.38% in a Mexican population of 3,985 individuals, 0.53% in 50,726 US people and 2.17% in the Ashkenazi Jewish population, which is the highest (18–22). The prevalence of BRCA1/2 mutation in the general Chinese population is intermediate.

The spectrum of BRCA variation in Chinese is rather different from those in non-Chinese populations (15, 17). It was reported that approximately 38-41.4% of BRCA variants were only present in the Chinese population (23, 24). Even when compared to neighboring India, only 4.1% and 0.4% of shared BRCA1 and BRCA2 variants were found in both populations (24).

In a large-scale cohort with 1,245 pathogenic variants identified, 48 most common pathogenic BRCA1/2 variants (39.86% of total) were not reported as common variants in Caucasians (15). The pathogenic variant BRCA1 c.5470_5477del was determined as a founder mutation in the Chinese Han population (25, 26). Interestingly, another systematic review with 2,128 BRCA1/2 variants derived from 35,178 Chinese individuals from 23 provinces also reported that c.5470_5477del ranked as the highest frequency of all BRCA1 variants identified while the c.3109C>T ranks highest in BRCA2 (12). Further, BRCA1 c.3770_3771delAG was the most common variant in Chinese ovarian cancer patients (27). The proportions of frameshift, nonsense, splice and missense mutations in Chinese ovarian cancer patients were determined as 51.2%, 39.3%, 7.1% and 2.4%, respectively (28). But the founder mutations in other ethnic populations, such as BRCA1 c.66_67delAG, BRCA2 c.5946delT in Ashkenazi Jewish, BRCA 1 c.303T>G, c.1623dupG in African, BRCA1 c.390C>A in Japanese and Korean and many other founder mutations in different non-Chinese populations, were absent or at low prevalence in Chinese population (24).



Prevalence of BRCA mutations in different populations in China

We summarized the prevalence of BRCA1/2 germline mutation in different populations from large-scale cohort studies published within five years (Table 1). A total of 41 studies were included for further analysis (13–15, 27, 29–35, 64).


Table 1 | Summary of BRCA prevalence studies from China in recent 5 years.



In the Chinese cancer patients, a study showed that the prevalence rate was 5.53% for BRCA1/2 (43.7% in BRCA1 and 56.3% in BRCA2) in unselected breast cancer patients (15). In comparison, a higher prevalence of 9.06-19.54% for BRCA1/2 mutation was observed in familial breast cancer patients (29, 31, 33). 60% of breast cancer patients carrying BRCA1 deleterious mutation were classified as triple-negative breast cancer, while only 10 to 20% were triple-negative breast cancer in unselected cancer patients (33, 34). Patients with BRCA1/2 mutated breast cancer generally show an earlier age of onset, on average 5 to 8 years earlier than patients with sporadic breast cancer (33, 35). BRCA1/2 pathogenic variants are also enriched in bilateral breast cancer and patients with family history of breast or other cancers (33, 34). In unselected ovarian cancer patients, BRCA1 pathogenic variants were more common compared to BRCA2 (20.07% vs. 6.19%) (27). Pathogenic mutations in BRCA1 genes were more related to a younger diagnosis age, serous ovarian carcinoma and hereditary breast and ovarian cancer syndrome (HBOC) (27). Among prostate cancer patients carrying germline mutations, BRCA2 is the most common mutated gene among DNA damage repair pathway genes. The prevalence of BRCA1 and BRCA2 pathogenic variants was 0.38% and 4.30%, respectively, in prostate cancer patients (55). BRCA2 was also reported as the most frequent gene in the germline in pancreatic cancer patients, with a prevalence rate of 1.9%; the frequency of BRCA1 variants was 0.5% (57). However, there is a lack of multicenter studies on BRCA mutations in pancreatic cancer. It is worth noting that the actual prevalence may be higher than what is now predicted because the data for pathogenic variants interpretation are mainly from non-Chinese populations. In addition, most of the studies summarized in the Table 1 examined only single nucleotide variants and indels and did not detect mutations of large genomic rearrangements (LGRs). It is possible that many unknown pathogenic variants have not been identified.

Despite increasing data from large-scale and multicenter BRCA studies having been reported, no BRCA data is reported for the Chinese living in many remote areas (12). Most BRCA1/2 prevalence studies were from cities with relatively developed economies and medical care, such as Beijing, Shanghai, Hong Kong, Guangdong, Zhejiang and Sichuan. Possibly because genetic testing is not yet covered by basic medical insurance, patients in economically developed regions are more likely to afford expensive genetic testing. Meanwhile, economically and medically developed regions have more medical resources, such as genetic testing facilities and genetic counseling services (65). The bias is also because these regions have more investigators and research funds and are more likely to conduct clinical studies. However, considering the regional and ethnic specificity of BRCA gene variation, substantial efforts are needed to generate a comprehensive BRCA variation map for the Chinese population.



Methodologies for population BRCA screening in Chinese population

In the mid-1990s, the identification of the relationship between BRCA1/2 mutation and cancer risk heralded the era of genetic testing for susceptibility to cancer. Subsequently, germline BRCA1 and BRCA2 mutations were extensively studied in the Caucasian populations, and associations with breast and ovarian cancers were established (66). Sanger sequencing has been widely used in BRCA variant identification since the 1990s, but the development of next-generation sequencing (NGS) revolutionized the detection strategy due to its affordability and efficiency.

NGS, including whole-genome sequencing (WGS), whole-exome sequencing (WES) and panel sequencing, have facilitated BRCA mutation research (67). Also because of the policy support in 2015, large-scale BRCA studies in China have increased rapidly since then (12, 42). Due to the lack of hotspot variation, NGS is currently the optimal option for BRCA1/2 genetic testing in the Chinese population. NGS panel test is widely implemented for clinical BRCA test in China in recent years. The two-gene panel is a more preferred option for the general population, breast cancer and ovarian cancer patients, while pancreatic, prostate and other cancer patients tend to be suggested with the multi-gene panel in China (Tables 1, 2).


Table 2 | Summary of guidelines and consensus about BRCA1/2 genetic testing in recent 5 years in China.



Because of its accuracy, Sanger sequencing remains to be a gold standard for detecting BRCA variants and validating NGS-detected BRCA variants and can be used in confirming the findings (67). Practical test- and laboratory-specific criteria have been proposed for confirmation strategy to facilitate timely delivery of clinical accuracy (73).

Many studies involving different populations have shown that LGRs in BRCA1/2 can be identified in HBOC (74–76). Multiplex ligation-dependent probe amplification (MLPA) is a cheap, sensitive and reliable method for detecting gene rearrangements (77). In the eastern Chinese population, 2.9% of HBOC patients without detectable BRCA1/2 small pathogenic variants were identified harboring LGRs in BRCA (78). The data are similar to those from the Myriad data set with high-risk patients, most of whom were diagnosed with early-onset ovary cancer or male breast cancer. The study reported an overall BRCA1/2 mutation rate of 23.8%, of which 9.9% were LGRs. Thus, large genomic rearrangement testing is recommended if the NGS result is negative for high-risk populations to avoid the missed diagnosis of BRCA1/2 mutation carriers (71).



Problems related to panel sequencing

NGS panel, the recommended method for BRCA1/2 testing in clinical practice, still has some problems. First, variants of uncertain significance (VUS) increase with testing a larger panel or increasing genome sequencing length, making BRCA1 and BRCA2 interpretation more complex (79). For example, 24.7% of variants reported in the general population and 43.8% reported in breast cancer were identified as VUS, respectively (13, 31). Classification of VUS as pathogenic or benign variants has important clinical implications for cancer diagnosis and treatment (80). The methods to identify VUS as pathogenic or benign need to become more efficient and accurate, considering the huge abundance of VUS. BRCA1/2 variants interpretation mainly follows the Chinese expert consensus on BRCA1/2 variant interpretation (2021 version) (81) and the American College of Medical Genetics and Genomics and the Association for Molecular Pathology (ACMG/AMP) guideline (82) in China.

Nevertheless, the population, disease-specific and sequence databases commonly used for interpretation contain few Chinese or Asian data. Lacking Chinese ethnic-specific data makes variant interpretation highly reliant on the peer-reviewed literature, which is also limited. This challenging context prevents many pathogenic variants from being identified and the VUS increases even more (83). Suggesting a new classification system for Chinese is needed, including but not limited to the databases based on Chinese populations and biological function identification of Chinese specific variants. Chinese Familial & Hereditary Cancer Susceptibility Gene Mutation Database (CFCSG-database) is one of the biggest cancer susceptibility gene mutation databases based on Chinese population. But the amount of BRCA1 and BRCA2 variants is still limited in it. More large-scale population studies and function studies of BRCA1/2 mutation in Chinese are needed to obtain more evidence to optimize the mutation interpretation.

As new shreds of evidence accumulate, the variant classification could be change over time. A study of 21,216 Breast cancer patients and 6,434 healthy controls performed VUS reclassification in the cohort. After the reclassification, 7 VUS were re-grouped into benign, which reduced the VUS ratio in both patient and healthy control (from 9.8 to 7.9% and from 6.9 to 5.3%) (15), indicating that the evidence should frequently be updated for VUS reclassification, and emphasizing the VUS carriers should be followed up.

Another notable issue concerns the price of BRCA mutation testing (84). Currently the price of BRCA mutation testing for a single sample in China is roughly 300 dollars ($), which is only paid by the patient side and not covered by the government side through basic medical insurance (85). Actually, the price of a single BRCA mutation testing is too high for the majority of ordinary Chinese. Therefore, financial investment from the Chinese government side is necessary to promote the widespread of BRCA mutation testing across China, e. g., Chinese government could offer reimbursement through Chinese basic medical insurance system for the high-risk population who took BRCA mutation testing. Additionally, evidence shows population-based BRCA mutation screening is also cost-effective for Chinese data with an incremental cost-effectiveness ratio of $18,066 from a societal perspective and $23,485 from a payer perspective per quality-adjusted life year (86).

In fact, while these issues are prominent in China, they also exist in many other countries and need to be addressed through collective efforts.



Genetic counseling for BRCA mutation carriers in China

Currently, the principles of BRCA mutation detection in China mainly refers to the guideline on next-generation sequencing-based BRCA1/2 testing (2019) (11), the US National Comprehensive Cancer Network (NCCN) guidelines (87) and the European Society of Medical Oncology (ESMO) guidelines (88), as well as other Chinese expert consensus on specific cancers or genetic testing (summarized in Table 2). We summarized the criteria proposed in 10 different guidelines and consensuses for Chinese population BRCA screening in recent 5 years (7–11, 68–72).

Genetic counseling is essential in pre- and post-sequencing stage for the test individuals. The purpose is to accurately estimate the probability of cancer susceptibility gene mutations (89) and offer early prevention advice and medical management such as regular surveillance, chemoprevention or surgical prevention for BRCA mutation carriers (27, 28). In a study with 839 breast cancer patients and 510 relatives, who are considered high-risk populations, 86.4% and 63.8% cases showed a strong willingness to accept genetic counseling and genetic testing, respectively (90). For those high-risk populations who are willing to do the genetic testing of BRCA1/2, the mutation rate was 19.9%. Despite the high willingness, most of the high-risk individuals lacked knowledge of cancer inheritance (90). We are glad to find out that another study exhibited that 79% of germline mutation carriers were aware of the risk and the importance of surveillance, while 56% accepted preventive interferences after genetic counseling on gynecologic tumors (91).

However, the development of cancer genetic counseling in China is in its beginning. Unlike some developed countries where specialized and certified genetics health professionals are available (92), cancer genetic counseling relies heavily on clinicians. Setting up standardized workflows and training eligible counselors is pivotal for promoting genetic counseling in China. Although the “oncologist-led BRCA consultation” mode has improved access to cancer genetic testing in developing countries (93), specialized cancer genetic counselors are urgently needed. Organizations like the Chinese Board of Genetic Counseling and others are now dedicated to training genetic counselors in more than 15 provinces across China (65). Meanwhile, the Chinese Anti-Cancer Association is urging hospitals nationwide to set up cancer genetic counseling clinics to accommodate the increased demand for counseling. Still, the training projects and qualified counselors are minimal and lack statistics.



Regular surveillance, prevention and treatment for BRCA mutation carriers in China

After genetic testing, the frequency of regular surveillance for female mutation carriers was significantly higher compared to non-carriers, according to the report on high-risk southern Chinese females (94).

Early-stage breast cancer lacks apparent signs and symptoms. Possible symptoms of breast cancer can be skin dimpling, red or thickening, nipple retraction and lymph nodes swelling. But a painless hard lump with irregular edges discovered accidentally by patients themselves is the most common early sign. Ninety-one percent of Chinese breast cancer patients had dense gland (95), which significantly affected the quality and effectiveness of palpation examination. For the surveillance of high-risk female carriers, in addition to regular breast self-examination and clinical breast examination, X-ray combined with ultrasound and magnetic resonance imaging (MRI) are usually selected as the methods recommended for women aged >40 years to detect early signs of breast cancer in China (96). Given that Chinese women have dense breasts and many younger patients with BRCA1/2 mutated breast cancer, mammography screening has a lower sensitivity. A prospective study comparing different screening methods for patients with BRCA1/2 mutations found the sensitivity of 77% with MRI compared with 36% with mammography and 33% with ultrasound (97–99).

Regular pelvic examination, tumor marker CA125 detection and transvaginal ultrasound are the methods recommended for detecting early signs of ovarian cancer (88). Annual prostate-specific antigen (PSA) testing and digital rectal examination are recommended for prostate cancer screening and surveillance, especially for BRCA1 carriers (8). A study showed that multiparameter MRI has high diagnostic efficacy for BRCA1 or BRCA2 mutated prostate cancer patients. As soon as PSA elevation is detected, multiparameter MRI is recommended for BRCA1 or BRCA2 mutation carriers aged >55 years for further diagnosis (100). Besides, annual imaging examinations can be considered to prevent pancreatic cancer for BRCA2 carriers, although the efficacy of this approach remains to be validated (88). The recommended starting age for monitoring breast cancer, ovarian cancer, prostate cancer and pancreatic cancer is 25, 30, 40 and 50 years, respectively, or ten years earlier than the earliest confirmed case in the family (81, 88, 94, 101).

Many studies confirmed that for BRCA mutation carriers, chemoprevention or surgical prevention play an important role in reducing the occurrence of HBOC (102–104). In high-risk women, prophylactic mastectomy can reduce the incidence of breast cancer by 90% and the mortality rate by 81% (103). A study showed that 23.8% and 32% of patients chose prophylactic mastectomy and prophylactic salpingo-oophorectomy; more than 17% of healthy carriers also had prophylactic surgery in Hongkong, China (102). In mainland China, however, healthy carriers and surgeons are more cautious about choosing prophylactic surgery. Only one study reported that three healthy carriers with deleterious BRCA1/2 variant underwent prophylactic nipple-sparing mastectomy (105). Breast cancer patients carrying BRCA1/2 deleterious variants had a 4.52-fold and 5.54-fold increased risk of contra-lateral breast cancer, respectively, compared to non-carriers (106). Preventive contra-lateral prophylactic mastectomy can be an optimal selection for BRCA1/2 mutated breast cancer patients in China (9). Risk-reducing salpingo-oophorectomy, which can significantly reduce the risk of breast, ovarian, and fallopian tube cancers, is recommended for high-risk women after childbirth to prevent ovarian cancer (7, 107).

Studies found that BRCA1/2-mutated patients are more likely to benefit from platinum-based chemotherapy (108–110). Since DNA damage caused by platinum-based drugs requires DNA homologous recombination for repair, the functional defects caused by mutations in the BRCA1/2 gene make tumor cells more sensitive to platinum-based drugs. The TNT phase III trial compared the efficacy between carboplatin and docetaxel in unselected advanced TNBC. In the germline BRCA1/2-mutated subgroup, the objective response rate with carboplatin was 2-fold higher than it with docetaxel (68% vs. 33%) (110). Recently, cancer patients with BRCA mutation could be benefited from poly (ADP-ribose) polymerase (PARP) targeted therapy due to the increased sensitivity to PARP inhibitors (62, 111). PARP inhibitor specifically causes the death of cancer cells with BRCA1/2 mutations through the “synthetic lethal effect” (112). The OlympiA trial has confirmed the efficacy of PARP inhibitors in the adjuvant treatment of early-stage BRCA1/2-mutated breast cancer (113), while the OlympiAD trial, as well as many other phase III clinical trials, have proved the role of PARP inhibitors in advanced BRCA1/2-mutated breast cancer (114, 115). PARP inhibitors are widely used for BRCA1/2-mutated ovarian cancer patients as maintenance therapy in China based on the results of several phase III trials, including SOLO-1, SOLO-2, PAOLA-1, PRIMA and NOVA (116–120). PARP inhibitor olaparib is recommended for metastatic castration-resistant prostate cancer patients based on the PROfound trial. The phase III PROfound study showed a more prolonged imaging-based progression-free survival in the olaparib group compared with the control group (median, 7.4 months vs. 3.6 months) (121). PARP inhibitors are increasingly used to treat BRCA-mutated patients, but whether they can be used for prevention needs further investigation.

Chemoprevention for cancer-free BRCA1/2 carriers remains controversial. Only a small retrospective study has shown that tamoxifen, a selective estrogen receptor modulator, reduces the risk of breast cancer in healthy carriers of BRCA2 mutations by 62%. But it is unclear whether it has a preventive effect in BRCA1-mutated healthy carriers (122). The evidence is not enough to support tamoxifen as a prevention strategy for healthy BRCA1/2 mutated carriers (9). Oral contraceptives have proven preventive efficacy for ovarian cancer with a family history. However, it is controversial whether oral contraceptives increase the risk of breast cancer in BRCA1/2 mutation carriers (123).



Conclusion and future perspective

Taken together, germline BRCA1/2 mutations are common in Chinese patients with hereditary breast, ovarian, prostate and pancreatic cancers. Because of its ethnic specificity, the unique features in the spectrum of BRCA mutations have already been revealed but the extension of the sequencing efforts to the whole Chinese population remains yet to be achieved. Many Chinese consensuses today recommend BRCA1/2 genetic testing for cancer patients only. Regarding the prevalence in healthy populations, approximately one in every 300 healthy Chinese is a BRCA1/2 mutation carrier (12, 15). BRCA mutation-related cancer is one of the most preventable cancers. Whether or not to perform population screening should not solely be based on cost-effectiveness but should also consider more non-cost factors such as social, political, public interest and patients’ benefits. Under the current political and economic conditions in China, to achieve early prevention of BRCA mutation carriers, we recommend that the criteria be relaxed and all Chinese diagnosed with breast, ovarian, pancreatic or prostate cancer, as well as healthy individuals with a clear family history, should undergo BRCA1/2 genetic testing to provide a risk assessment. Subsequently, preventive measures such as regular surveillance, chemoprevention or surgical prevention for mutation carriers are recommended after authentic genetic counseling.

Evidence had shown that relying on personal and family history may not be sufficient to determine the risk for BRCA1/2 variants (20). Population BRCA screening is considered the trend in the near future (124, 125). Thus, a growing number of healthy individuals harboring pathogenic mutations can be identified for cancer prevention. Population screening for carriers with BRCA germline mutations in the Chinese population is highly warranted to promote prevention, early detection, early diagnosis, and timely treatment of BRCA mutation-related cancers, which may increase 5-year survival for BRCA mutation-related cancer patients. Also, the ethical, psychological and legal issues cannot be ignored.
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Objective

This systematic review and meta-analysis compares the outcome between MMBC and unifocal breast cancer (UFBC), in order to provide a theoretical basis for the design of an appropriate clinical therapeutic strategy of MMBC patients.


Methods

PubMed, Embase, The Cochrane Library, Web of science, CNKI, WanFang Data, CBM and VIP database were searched from inception to July 2021, and observational studies reporting the outcome of patients with MMBC and UFBC were included. We extracted or calculated the mortality rates of MMBC and UFBC patients; and obtained the hazard ratios; odds ratios; relative risks; and the corresponding 95% confidence intervals from the eligible studies. All the meta-analyses were conducted by using the Stata 15.0 software.


Results

31 eligible studies comprising a total of 15,703 individuals were included. The meta-analysis revealed that MMBC did not have a significant association with poor overall survival (HR=1.04, 95% CI=0.96-1.12), disease-free survival (HR= 1.07, 95% CI= 0.84-1.36), breast cancer-specific survival (HR=1.42, 95% CI= 0.89-2.27), recurrence-free survival (HR= 0.878, 95% CI= 0.652-1.182), local recurrence-free survival (HR= 0.90, 95% CI= 0.57-1.42), and contralateral breast cancer risk (RR= 0.908, 95% CI= 0.667-1.234). However, MMBC appeared to have a correlation with a slightly higher risk of death (OR=1.31, 95% CI=1.18-1.45).


Conclusion

Patients with MMBC appeared to have a higher risk of death, however, it may not be independently associated with poorer outcomes. Considering the inter-study heterogeneity and other limitations, our results need to be validated by further multicenter prospective studies with a large sample size in the future.
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1 Introduction

In 2020, the estimated number of new breast cancer cases was about 2.26 million and cancer deaths were projected to be around 0.68 million worldwide (1). Globally, breast cancer is one of the most common cancers and the most frequent cause of cancer death among women.

Breast cancer usually presents as a single lesion, but in unilateral breast cancer, multiple lesions may appear simultaneously or sequentially. To enable further study and differentiate it from the subtypes with only one separate lesion - unifocal breast cancer (UFBC), researchers have subdivided such cases into two categories. The first one is multicentric breast cancer (MCBC), wherein two or more tumors are present in more than one quadrant of the same breast, but some researchers suggest that regardless of whether the different lesions are present in multiple quadrants of the same breast, those separated by >4-5 cm from each other should be called MCBC (2, 3). The second one is multifocal breast cancer (MFBC), wherein two or more tumors are found in the same quadrant of the breast (4, 5). Regarding the minimum distance between the MFBC lesions, Lüttges et al. (6) suggested that it should be at least 2 cm, while Ustaalioglu et al. (7) suggested that the spacing distance over 1 mm was enough. However, other investigators suggested that independent lesions in the specimen needed to be observed by the naked eye (disregarding microscopic lesions) (3, 8).Moreover, others indicated that multiple lesions should be clearly separated by non-cancerous tissue or carcinoma in situ (5, 8–11). Considering the difficulties with measurement and precision, these two categories are often studied together, and called multicentric/multifocal breast cancer (MMBC) (9).

At present, the prevalence of MMBC ranges between 6% - 77% (5, 12–14). Although MMBC is a common occurrence, its clinicopathological characteristics, precise therapeutic strategies, and prognosis and survival are not well characterized. Past studies have shown that MMBC was correlated with an increase in the lymph-node involvement, less differentiation, HER-2 positivity and lymphovascular invasion as compared to UFBC (4, 13, 15). In terms of the prognosis, many studies have explored the differences between MMBC and UFBC, but the findings have been largely inconclusive. Some studies have shown that MMBC patients had a higher mortality rate and shorter survival than the UFBC patients, and suggested that MMBC as an independent prognostic risk factor (4, 16, 17). However, others reported that MMBC patients had a similar prognosis as the UFBC patients (5, 10, 18), in terms of the OS and the DFS. The eighth edition of the AJCC TNM staging system of breast cancer indicates that the overall prognostic impact of smaller lesions on MMBC is not considered. However, the guidelines also emphasize the importance of a comprehensive judgment in the real clinical practice, especially when synchronous invasive tumors are identified (19). Therefore, there are conflicting reports regarding the prognosis of MMBC and UFBC patients, and whether MMBC is associated with a poorer prognosis is controversial (4, 5, 9, 16, 17, 20–24).

Thus, the current study summarizes the studies related to the comparison of prognosis between MMBC and UFBC patients, and synthesizes a systematic review and meta-analysis to evaluate the differences in the prognosis, in order to provide a theoretical basis for the design of an appropriate therapeutic strategy for treating MMBC patients.


2 Methods

The study was conducted in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) guidelines (25).

2.1 Eligibility criteria

The inclusion criteria for the study were as follows: (1) Participants: female patients with pathologically proven stages I-III of unilateral invasive breast cancer, aged ≥18 years, without contralateral breast cancer, without distant metastases, without any previous or concomitant malignant disease, without any limitation due to race or nationality; (2) Exposure: patients with clinically or image-based or pathologically diagnosed MMBC or UFBC; (3) Outcomes: mortality rates of MMBC and UFBC, overall survival (OS), disease-free survival (DFS), breast cancer-specific survival (BCSS), recurrence-free survival (RFS), local recurrence-free survival (LRFS), risk of contralateral breast cancer (CBC); (5) Type of study: case-control and cohort studies.

The exclusion criteria were as follows: (1) articles without a clear definition of MMBC; (2) MFBC or MCBC only; (3) duplicate articles; (4) articles published in languages other than English or Chinese.


2.2 Information sources and search strategy

The following eight electronic databases were independently searched by two researchers (YLZ and FL) and the timeline was set at July 2021: PubMed; Embase; the Cochrane Library; Web of Science; CNKI; WanFang Data; CBM; and the VIP database. The references of the included studies and previous MMBC related systematic reviews were also checked, and the relevant literature was manually added if available. Before the final analyses, we re-searched the literature to ensure that any study meeting the inclusion criteria was included as far as possible. The detailed search strategies are showed in Appendix Table 1.


2.3 Study selection

Two researchers (YLZ and FL) checked all the collected studies independently and if there was any disagreement between them, a discussion or the third reviewer (QQG)’s decision was taken into account. All the retrieved literature were imported into Endnote X9 software. After removing the duplicates, we firstly screened the articles by the title and abstract and then identified the final included studies through the full-text reading of previously screened literature. Then, we recorded the reasons for excluding the literature in the last two steps.


2.4 Data collection

Three researchers were involved in the data collection task. Two of them (YLZ and FL) independently collected the data from the included studies and recorded them in a pre-defined spreadsheet by using the Microsoft Excel 2021 software. The differences of opinion were discussed, and if they were still unresolved, a third Reviewer (QQG)’s opinion was taken into account. We extracted the following information from the included studies: (1) the first author’s name and the publication year, region where the study was conducted, study design, and recruitment period; (2) the sample size and age; (3) follow-up time; (4) definition of MMBC; (5) the AJCC edition used for the T-staging; (7) mortality rates of MMBC and UFBC patients. If the data needed further confirmation, the corresponding author of the article was contacted by email.


2.5 Quality assessment

The risk of bias was assessed by using the Newcastle-Ottawa Scale (NOS) (26), whose full mark was 9, a score of 8 to 9 was considered as low risk of bias (high quality literature), a score of 5~7 was considered as moderate risk (moderate quality literature), and a score of 0~4 was considered as high risk (low quality literature). The risk of bias was independently assessed by two researchers (YLZ and FL) and the discrepancies were resolved by discussion or a third reviewer’s (QQG) decision was taken into account.


2.6 Statistical analysis

In this study, we extracted or calculated the mortality rates for MMBC and UFBC patients, and the HRs, RRs and ORs with the corresponding 95% CIs were obtained from the multivariate analyses of the included studies. If two or more studies reported the data of an outcome, a meta-analysis was performed, otherwise, only a descriptive analysis was performed. All the meta-analyses were completed by using the Stata 15.0 software. The Cochrane’s Q-test was applied to evaluate the inter-study heterogeneity and the I2 statistic was used to quantify the degree of heterogeneity. If the studies were without statistical heterogeneity, the meta-analysis was conducted using the fixed-effects model. If I2≥50% and P<0.10, it indicated that there was a significant and substantial heterogeneity (27) among the studies, and hence a random-effects model was employed after excluding the significant clinical heterogeneity. When there was a significant clinical heterogeneity, sensitivity and subgroup analyses were used, or only a descriptive analysis was performed. P<0.05 was considered as statistically significant. The publication bias was evaluated using funnel plots or the Egger’s test when over 10 studies were included. When P > 0.05, it suggested the absence of publication bias. And if there was a publication bias, the trim-and-fill method was used to assess the further effect of publication bias on the results.



3 Results

3.1 Search results

The eight databases were searched and a total of 15,703 articles were retrieved. After removing the duplicate articles, 10,027 were available for further screening. 9933 articles were excluded after browsing the titles and abstracts, and the full-text was examined for 94 studies. Lastly, 31 articles (2–5, 7–11, 13, 14, 16–18, 20–24, 28–39) met the eligibility criteria mentioned previously. The detailed selection procedures and statistics are shown in Figure 1.



Figure 1 | Flowchart of literature selection.




3.2 Study characteristics

Among the included studies, four (5, 14, 18, 39) were prospective cohort studies, twenty-seven (2–4, 7–11, 13, 16, 17, 20–24, 28–38) were retrospective cohort studies, and one (23) was a retrospective age-matched cohort study. The total number of participants was 88,147 and the sample sizes ranged from 118 (29) to 25,320 (14). The follow-up for fifteen studies was over 60 months (4, 8–11, 14, 17, 20, 23, 29, 31, 33, 34, 36, 39), and seven studies were published within 5 years (5, 9, 21–23, 33, 35). The detailed information is presented in Appendix Table 2.


3.3 Assessment of the quality of the included articles

The quality of the included studies was evaluated using the NOS scale. Seventeen studies (3, 4, 7, 9–11, 14, 16, 17, 23, 28, 29, 33–35, 38, 39) were of high quality, while fourteen (2, 5, 8, 13, 18, 20–22, 24, 30–32, 36, 37) were of moderate quality and none of the study was of low quality. The details are listed in Appendix Figure 1.


3.4 Outcomes

3.4.1.  Overall survival.

9 studies (7, 10, 13, 16, 20, 21, 30, 32, 39) were enrolled in the analysis of OS, 8 (7, 10, 13, 16, 20, 30, 32, 39) of them reported HRs and 1 (21) reported OR. The heterogeneity test was not statistically significant (I2 =45.1%, P=0.059), and 8 HRs were selected for the meta-analysis using the fixed-effects model. The analysis revealed no statistically significant relationship between MMBC and poor OS in the multivariate analysis (HR=1.04, 95% CI= 0.96-1.12, I2 =45.1%, P=0.059, 8 studies) (Figure 2). Moreover, Djordjevic-Jovanovic et al. (21) reported no remarkable difference in the 5-year OS between UFBC and MMBC patients in a multivariate analysis (OR=0.91, 95% CI=0.65-1.21, P=0.51).



Figure 2 | Forest plot of OS comparing MMBC and UFBC.




3.4.2.  Disease-free survival.

In total, four studies (7, 16, 24, 30) were integrated into the HRs analysis of DFS. Heterogeneity tests showed statistical significance and therefore a random effects model was applied. The results indicated that compared to UFBC, MMBC was not associated with poorer DFS by multivariate analysis (HR=1.07, 95% CI=0.84-1.36, I2 =76.6%, P=0.001, 4 studies) (Figure 3).



Figure 3 | Forest plot of DFS comparing MMBC and UFBC.




3.4.3.  Breast cancer specific survival.

Four studies (4, 13, 17, 39) were included for the analysis of BCSS, 3 studies (13, 17, 39) reported HRs, and 1 study (4) reported RR. The 3 HRs were selected for the meta-analysis, and the heterogeneity was noticeable (I2 =65.0%, P=0.022), thus we chose a random-effects model to perform the analysis. In the multivariate analysis, the meta-analysis showed that in comparison with UFBC, MMBC had no clear correlation with poorer BCSS (HR=1.42, 95% CI=0.89-2.27, 3 studies) (Figure 4). Moreover, Boyages et al. (4) reported four RR values for BCSS from multivariate analysis. They used aggregate tumor size of each foci in MMBC or the dominant tumor size of MMBC to determine the “T-stage” and set a 2 cm tumor diameter boundary. The results showed that when the tumor diameter was less than 2 cm, there was no statistical difference in the 10-year BCSS between the UFBC and MMBC patients (Dominant: RR (95% CI) =0.86 (0.39-1.87), P=0.695; Aggregate: RR (95% CI) =1.00 (0.36-2.76), P=1.00). When the tumor diameter was greater than 2 cm, the results of the aggregate tumor size staging method also indicated no significant difference between the two groups, but the largest or the dominant tumor size staging system showed a different result (Dominant: RR (95% CI) =1.91(1.15-3.16), P=0.012; Aggregate: RR (95% CI) =1.13(0.82-2.09), P=0.267).



Figure 4 | Forest plot of BCSS comparing MMBC and UFBC.




3.4.4.  Recurrence-free survival.

The analysis of HRs for the RFS was comprised of two studies (13, 32). A fixed-effect model meta-analysis demonstrated that in the multivariate analysis, compared with UFBC, MMBC was not significantly associated with poorer RFS (HR= 0.878, 95% CI=0.652-1.182, I2 =0.00%, P=0.977, 2 studies) (Figure 5).



Figure 5 | Forest plot of RFS comparing MMBC and UFBC.




3.4.5.  Local recurrence-free survival.

For LRFS, three studies (5, 24, 39) were included in the HRs meta-analysis. The results were analyzed using a fixed-effects model, and suggested that MMBC was not significantly associated with poorer LRFS by multivariate analysis (HR=0.90, 95% CI=0.57-1.42, I2 =48.2%, P=0.145, 3 studies) (Figure 6).



Figure 6 | Forest plot of LRFS comparing MMBC and UFBC.




3.4.6.  Mortality rates.

10 studies (4, 9, 13, 14, 16, 17, 20, 23, 24, 32) described the mortality rates of MMBC and UFBC patients. Meta-analysis by fixed-effects model showed that in comparison with UFBC, MMBC was associated with a higher mortality (OR=1.31, 95% CI=1.18-1.45, I2 =36.0%, P=0.12, 10 studies) (Figure 7).



Figure 7 | Forest plot of the mortality rates of MMBC versus UFBC patients.




3.4.7.  Contralateral breast cancer.

Only one study (14) among the included literature reported the multivariate analysis results of CBC risk. Yerushalmi et al. (14) concluded that MMBC was not significantly associated with higher risk of CBC (RR=0.908, 95% CI=0.667-1.234, P = 0.537).




4 Discussion

In this review, we pooled the data for MMBC and UFBC with regards to the OS, DFS, RFS, BCSS, LRFS, mortality, and CBC aspects and performed a meta-analysis. The final results showed that MMBC patients had a similar prognosis as the UFBC patients, except for a slightly higher mortality rate.

4.1 MMBC patients may have a slightly higher mortality rate

In this paper, we found that MMBC patients had a slightly higher mortality rate than the UFBC patients (OR=1.31, 95% CI=1.18-1.45), which could mainly be because MMBC patients had a relatively high total tumor load and more aggressive biological behavior. In a previously published review, compared to UFBC, MMBC was shown to have a higher proportion of poorly differentiated tumors and a greater risk of vascular invasion (2), which suggested that MMBC was associated with extensive intra-ductal lesions and an invasive lobular carcinoma component, which might increase the risk of positive surgical margins (40–42). At the same time, MMBC patients were more likely to develop tumor recurrence and metastases. And Neri et al. (17) found that MMBC was associated with the absence of ER and Her2-neu positive status which may reduce the possibility of MMBC patients benefiting from endocrine therapy and targeted therapy. Moreover, Lang et al. (43) reported a higher rate of axillary lymph node metastasis and a higher Ki67 proliferation index in MMBC patients compared to the UFBC patients, which to some extent suggested that MMBC patients might have a poorer outcome. However, previous studies (23, 44) reported that when controlling for the age, there was no significant difference in mortality between UFBC and MMBC patients (5.3% versus 7%, P = 0.89 with a median follow-up period of 3 years and 13% versus 14.7%, P = 0.89 with a median follow-up period of 7 years). And it is worth noting that more MMBC patients in this cohort opted for total mastectomy, which could have provided a survival benefit for patients these patients. Additionally, Yerushalmi et al. (39) reported that patients who underwent breast-conserving surgery in stages I-II also showed a similar mortality as compared to MMBC and UFBC patients, but the MMBC group had less severe disease compared to the UFBC patients. The results for the comparison of mortality rates between the two groups in our study showed that MMBC patients had a higher risk of death, but in the early stage breast cancer, appropriate surgery and adjuvant treatment may also offer survival benefits for MMBC patients (4, 5, 39). Therefore, early screening for breast cancer is important, and timely diagnosis and early intervention may not only provide a survival benefit, but also allow some patients to be suitable for and benefit from less invasive surgical modalities.


4.2 MMBC per se may not represent a poorer prognosis

The findings from the current study showed that there were no significant differences between UFBC and MMBC patients in terms of the OS, DFS, RFS, BCSS, and LRFS in multivariate analysis, which may be due to the fact that MMBC per se is not associated with a worse prognosis. It was reported that the MMBC patients were younger, had larger tumors, had greater involvement of lymph nodes, and many of them were in pre-menopausal stage in comparison to the UFBC patients (11, 13, 28, 45, 46). The above risk factors made MMBC patients more likely to undergo mastectomy as well as receive more adjuvant therapy to some extent. When these factors were controlled in the multivariate analysis, most of the studies showed that MMBC no longer had an independent effect on the OS and DFS. However, some studies still found that MMBC was an independent prognostic factor for the OS and DFS in multivariate analysis (11, 16, 47). Meanwhile, the results from a previous systematic review (48) showed that MMBC was associated with poorer OS, but after excluding one study (49) with significant heterogeneity, the results no longer showed that MMBC was associated with poorer OS. Upon reviewing recent studies (5, 9, 21–23), we found that MMBC may be associated with some worse prognosis factors, but MMBC patients often had a similar prognosis as UFBC, which could be due to the advances in imaging technologies and pathological diagnostic techniques and the continuous optimization of the therapeutic options. Pre-operative breast MRI shows good utility in determining tumor boundaries and detection of additional tumor foci, and is not influenced by different histotypes, which helps to provide the best local treatment for MMBC patients (50). In the past, the majority of MMBC patients underwent mastectomy for the discerned higher risk for in-breast recurrence and less good cosmetic outcome. But in recent publications, breast conserving surgery can be performed in selected MMBC patients (51) and the use of daVinci Robot can improve cosmetic results (52).

For the multivariate analysis of RFS, LRFS and BCSS, the general trend supported the finding that MMBC patients had a similar prognosis to that of UFBC patients. However, only few studies were included in these outcome indicators, which may affects the results reliability. A study on outcomes in 1163 MFBC/UFBC patients reported that MFBC was independently significantly associated with LRFS, DFS, and OS, but this study did not adjust for pathologic stage, T stage and nodal status (49). Thus, further prospective studies with larger samples are needed to confirm the above findings.

Our meta-analysis results on DFS and BCSS indicated a significant and substantial heterogeneity among the included studies. And we think clinical factors cause heterogeneity mainly. With fewer studies included under each outcome indicators, the subgroup analysis may not produce meaningful results. But a decreased heterogeneity was also seen when we attempted to perform subgroup analysis based on some clinical factors (Appendix Figure 2).


4.3 MMBC may not increase the risk of CBC

Among the included studies, only one study (14) reported the results related to the development of contralateral breast cancer in multivariate analysis. And the results supported the opinion that MMBC was only a representative of intra-mammary spreading, whereas CBC was an independent event. This finding may help to alleviate anxiety and panic among the patients with MMBC, as some patients may receive excessive treatment or even make a hasty decision to undergo prophylactic surgery after the diagnosis owing to their fear of developing CBC. Moreover, the study by Kurtz et al. (31) also showed a similar probability of CBC in MMBC and UFBC (3% versus 4%) patients. However, some of the current tools to assess the risk of CBC also incorporate MMBC as a risk term and have shown a better predictive power (53). There isn’t enough evidence regarding the association between MMBC and CBC, and it is hoped that more original studies will report relevant data to support CBC-related analysis.


4.4 The prognostic role of the remaining lesions in MMBC needs further investigation

Breast cancer is a heterogeneous group of diseases with regard to clinical manifestation, tumor morphology, and immunohistochemical differences within tumors (54). And a recent publication emphasized that MMBC has a higher risk of metastasis, recurrence, and a worse prognosis, compared to UFBC with similar staging (TNM), and sometimes the largest one is not always the most aggressive one, and more than one tumor should be evaluated (55). Data from Boyages et al. (4) on BCSS showed that the use of different criteria for assessing the tumor T-staging could influence the final results, which showed that for tumors >20 mm in diameter, MMBC was associated with poorer BCSS after using the largest or dominant tumor size of MMBC to assess the T-staging. On the other hand, when the aggregated diameter of the lesions were used to assess the tumor staging, MMBC and UFBC patients were found to have a similar prognosis. However, Duraker et al. (2) reported that MMBC and UFBC patients had similar prognosis regardless of whether the T-staging was assessed by using the largest tumor diameter or the aggregated diameter of all the lesions. Also, several studies (13, 28) have concluded that the current TNM staging could be a good assessment of MMBC tumor load, and also showed that the difference in the overall prognosis between MMBC and UFBC patients was not statistically significant. However, it is worth noting that Fushimi et al. (9) reported that MMBC was not associated with a worse prognosis, but at the same time showed that MMBC was a major prognostic factor for DFS after assessing the T-staging using the aggregated diameter of the lesions (HR= 2.710, 95% CI= 1.011-7.264, P= 0.048). Therefore, the method for assessing the T-stage of MMBC may influence the results for prognosis in multivariate analyses, and the prognostic impact of the remaining lesions in MMBC requires further investigation.


4.5 Strengths and limitations

In this systematic review and meta-analysis, several studies were included to assess the difference in the prognosis between MMBC and UFBC patients. Here, we searched eight databases using a relatively broad terminology and our search strategy ensured as far as possible, that none of the potentially relevant studies were excluded. However, the current study suffers from some limitations. First, most of the included studies were retrospective cohort studies which may existed selection bias and data analysis bias. Second, the definition and diagnostic criteria of MMBC was not completely consistent across all the included studies. These discrepancies affected the detection of MMBC, and it could have affected the reliability of the meta-analysis results. Third, as the heterogeneity among the included studies were significant and fewer studies were included under some of the outcome indicators, the source of heterogeneity was difficult to determine and limited the accuracy of our findings further. Finally, the limitation of the choice of language could have increased the publication or language bias.



5 Conclusions

In summary, patients with MMBC appeared to have a higher risk of death, however, it may be not independently associated with poor OS, DFS, RFS, BCSS, LRFS, and CBC risk. With appropriate surgical interventions and adjuvant therapies, the prognosis of patients with MMBC and UFBC was similar, but the prognostic impact of every lesion in MMBC still needs further investigation. Further multicenter prospective studies with larger sample size are needed for validating the findings from the current study.
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The development of screening mammography over 30 years has remarkedly reduced breast cancer–associated mortality by 20%-30% through detection of small cancer lesions at early stages. Yet breast screening programmes may function differently in each nation depending on the incidence rate, national legislation, local health infrastructure and training opportunities including feedback on performance. Mammography has been the frontline breast cancer screening tool for several decades; however, it is estimated that there are 15% to 35% of cancers missed on screening which are owing to perceptual and decision-making errors by radiologists and other readers. Furthermore, mammography screening is not available in all countries and the increased speed in the number of new breast cancer cases among less developed countries exceeds that of the developed world in recent decades. Studies conducted through the BreastScreen Reader Assessment Strategy (BREAST) training tools for breast screening readers have documented benchmarking and significant variation in diagnostic performances in screening mammogram test sets in different countries. The performance of the radiologists from less well-established breast screening countries such as China, Mongolia and Vietnam were significant lower in detecting early-stage cancers than radiologists from developed countries such as Australia, USA, Singapore, Italy. Differences in breast features and cancer presentations, discrepancies in the level of experiences in reading screening mammograms, the availability of high-quality national breast screening program and breast image interpretation training courses between developed and less developed countries are likely to have impact on the variation of readers’ performances. Hence dedicated education training programs with the ability to tailor to different reader cohorts and different population presentations are suggested to ameliorate challenges in exposure to a range of cancer cases and improve the interpretation skills of local radiologists. Findings from this review provide a good understanding of the radiologist’ performances and their improvement using the education interventions, primarily the BREAST program, which has been deployed in a large range of developing and developed countries in the last decade. Self-testing and immediate feedback loops have been shown to have important implications for benchmarking and improving the diagnostic accuracy in radiology worldwide for better breast cancer control.




Keywords: breast cancer, screening mammography, diagnostic accuracy, training & development, early detection



Introduction

Breast cancer is classified as the most common malignancy and the leading cause of cancer-related morbidity and mortality for women over the world. It has become a severe health problem as accounting for a third of all new cancer cases diagnosed among females (1). With advances in technology attributing to earlier diagnoses, as well as changes in environmental and lifestyle factors, an increasing trend of breast cancer incidence has been observed from developed countries in North America, Europe and Australia, as well as in developing countries across the Pacific region and towards Asia and Africa (2). Although there has been an increase in the number of new breast cancer cases detected worldwide annually, the prevalence of this disease is relatively low in both high income and middle/low-income countries. The average risk of a Caucasian woman in the United States or Australia developing breast cancer in her lifetime is approximately 13%. This means there is a 1 in 8 chance a women will develop breast cancer (3). With Mongoloid and Negroid women originally from Asia and Africa, this rate is estimated lower at 10%-11%. Therefore, only a small number of cancer cases are detected regardless of the large number of breast screening cases performed each year.

Examining mammograms in a screening environment requires expertise in image interpretation as detecting small and early signs of cancer lesions is more complex than diagnosing cancer in patients presenting with advanced stages. Developed countries that have an established nationwide/population-based breast screening program include Australia (4), the Netherlands (5), the United Kingdom (6) and the United States of America (7). These countries have regulations that require radiologists and other reader types to participate in continuing medical education (CME) and training to maintain a high level of performance. For example, Australian radiologists who interpret screening mammograms are obliged to complete a 5-year registrar program that includes breast imaging interpretation curricula. Once registered, screening radiologists must read a minimum of 2000 screening mammograms per year, obtain at least 4 CME hours annually and participate in an audit once every 3 years (4). BREAST (Breastscreen REader Assessment Strategy) have been developed to help radiologists at all stages of their expertise development, from those who have minimal experience and less time dedicated to screening mammograms through to those who wish to continuously update and test their knowledge (8–10). BREAST provides radiologists and screen readers with the opportunity to self-assess and improve their diagnostic performance in a simulated but highly authentic environment. This article aims to review international trends in current breast cancer status and a review of published educational tools that specifically related to breast cancer detection via mammograms that are available across a range of countries. Through this, an assessment of the effectiveness of the BREAST interactive training programs to improve radiologists’ diagnostic efficacy for early breast cancer detection is undertaken.



Breast cancer: Incidence and mortality rates

Breast cancer is the most common solid organ oncology presentation for women, with over 2.2 million new cancer cases worldwide in 2020, contributing to 24.5% of all cancer cases and almost 685,000 deaths, a 30% increase compared with the WHO statistics in 2012 (1, 11). Asian countries, representing 59.5% of the world’s population, make up the largest component, with 45.4% of new cases and 50.5% of deaths related to breast cancer. European countries, with 11% of the population, stand second with 23.5% of new cases and 20.7% of deaths. Although North America and Oceania represent only 8% of the global population, they account for 13.6% of new breast cancer cases and 8% of patients who die from this disease (1) (Figure 1).




Figure 1 | Estimated breast cancer age-standardized incidence and mortality rates across six continents (A) and in regions with different levels of income (B) according to the statistics of the International Agency for Research on Cancer (IARC - WHO) in 2020.



Data from GLOBOCAN (WHO) in 2020 show that age-standardized breast cancer incidence rate was highest in high income countries (HIC) in Europe (Belgium, Netherlands, Luxembourg, France, Denmark, Finland, UK, Italy), Northern America (US, Canada), Oceania (Australia, New Zealand) and Asia (Singapore, Japan), ranging from 75 to 113 cases per 100,000 women. Mortality rates peak in low-middle-income (LMICs) and low-income countries (LICs) in Latin America and Caribbean (Barbados, Bahamas), Africa (Jamaica, Nigeria, Namibia, Ethiopia), and Asian Oceania (Fiji, Papua New Guinea, Malaysia, Thailand, Vietnam) with the range from 20 to 42 deaths per 100,000 women (age-standardized) (1). The high incidence of breast cancer in high-income countries has been described as reflecting the increase in the accessibility of mammography screening programs and the prevalence of well-known breast cancer risk factors (e.g sedentary lifestyles, late reproductive records and being overweight after menopause) (12–17), while high mortality rates in LMICs and LICs were found to be associated with lack of access to quality health care and treatment (18–22).

The incidence of breast cancer has steadily increased by an average of 1.4% per year for all age groups since 1990, based on the published report by the World Bank involving 185 countries across seven regions (23). This increase took place in more than 60% of nations experiencing socio-economic turmoil (24), whilst the data indicated that incidence rates had stabilized in HICs such as Canada, Europe, Australia and New Zealand (25) whereas in the US, stabilisation has been shown for white women but the incidence rate continues to increase for black and Hispanic women (26). The growth in the incidence rate among LICs and MICs are primarily due to an increase in risk factors associated with urbanization, including adopting western diets, obesity, lack of physical activity, early menarche (before age 12 years), late menopause (after 55 years old), delayed childbirth (after 30 years old) and a decrease in the number of children and shorter breastfeeding periods (27–30). For example, the obesity ratio in Australia and New Zealand in 2016 was approximately one to three adults, whilst obesity prevalence in Bangladesh, India and Vietnam was recorded as below 4%. However, there was a surge of 28% in the obesity rate in LICs and MLICs in Asia Pacific region from 2010 to 2016, with the increase particularly high at 50% among adults from 1.4% to 2.1% in Vietnam and 3.5% to 5.3% in Laos (31). Improved access to family planning initiatives in conjunction with socioeconomic growth between 1990s and 2000s has also led to a significant drop in fertility rates in Latin America, Africa and Asia from 5 – 7 births (1970s-1980s) to 1.5 - 3 births per woman (32).

Mortality rates from breast cancer have reduced over time ranging from 0.55% to 1.75% (from 20-26 per 100,000 women in 1990 to 17 per 100,000 women in 2017) in most HICs in Europe, Central Asia and North America, however it is consistently high and rising in many LMICs and LICs (23). The morality reduction in HICs is likely due to increasing early cancer detection by screening mammography programs and modern treatment methods, although the impacts of treatment on each individual may differ as well as the participation rate for routine screening alongside the accessibility of effective treatment programs. Contrary to the downtrend recorded in HICs, the uptrend in breast cancer mortality has been reported in Asia, Latin America, and Africa (25) plus within population sub-groups in some countries such as for black and Hispanic women in the US where the mortality rates are 28.4 per 100,000 women (26). A study comparing the data between 1990 and 2017 showed that the breast cancer mortality rate went up annually ranging from 0.36% per year in Middle East, North Africa to 0.56% in East Asia Pacific, Latin American Caribbean and Sub-Saharan Africa (23). It is described that the surge in breast cancer mortality in Japan that arose since the 1960s, is linked to the country undergoing a transition from a traditional Asian diet based on plant to a Western diet based on meat (this transition had occurred a decade earlier), which has been linked to the increase in obesity and overweight prevalence (33). Furthermore, even in some high-middle-income countries such as Malaysia and China, mammography screening has not yet been widely adopted at the population stage for various reasons such as sociocultural barriers, lack of equipment and clinician expertise and availability (34, 35).

The survival rate, which compares breast cancer mortality rates to incidence rates, was found to be lowest in less developed countries in Africa and South-Central Asia and highest in developed countries in North America, Europe and Oceania with the 5-year survival rate ranged from 53% in South Africa to 85% in Australia and 82% (Black women) and 92% white women in the US (26, 36). The low survival rate in low and middle-income countries highlights the fact that a large number of women were likely diagnosed in the late stages due to restricted or lack of screening programs and limited access to high-quality cancer treatment, in addition to insufficient staff and medical infrastructure including pathology services, radiotherapy units, and cancer treatment drugs (37). For example, in the period 2009 to 2010, over 75% of Nigerian breast cancer patients were detected with stage III or IV cancers (38), similarly to Vietnam, where 75% cancer cases were found to have local or distant metastasis (39). In contrast, high survival rates were observed in Northern America, Australia/New Zealand, Western and Northern Europe indicating low death rates in spite of high incidence rates as a consequence of early diagnosis and the availability of modern treatment methods (27). In HICs such as USA, Canada, UK, Australia and New Zealand, national breast screening programs are available, and women aged 50—75 are actively invited to have a free mammogram at set intervals, usually 1-3 years apart (40–42). Recalled women are frequently assessed with ultrasound, digital breast tomosynthesis or magnetic resonance imaging. However, optimal diagnostic and treatment methods for breast cancer are not commonly accessible in low-income populations. Efficient treatment is constrained by inadequate medical imaging equipment, including pathology and radiation therapy units and expensive cancer drugs (43). A systematic review highlighting radiotherapy capacity showed that there were more than 25 countries, mainly in Africa and Asia, that did not even have radiotherapy services (44). The International Atomic Energy Agency (IAEA) has anticipated a shortage of at least 5000 radiotherapy machines in developing nations (45). There are other barriers such as religious beliefs, cultural beliefs, and shame associated with breast cancer and undertaking treatment (46).



Breast screening programs

An effective mammography screening program is a primary health service for detecting early abnormal lesions which will help to diminish the mortality risk from breast cancer for patients (40, 47). Digital mammography, with a considerably high specificity and sensitivity (over 90%) (48), is the main imaging tool used for breast cancer diagnosis and screening programs worldwide. Breast screening programs have been implementing for a number of decades in HICs with strong rates of successes. For instance, the UK has the National Health Service Breast Screening Programme which screened approximately 1.88 million women aged from 50 to 70 years old (73.4% participation rate from invitation) in 2010-2011, reported a cancer detection rate at 7.8 per 1000 women and 5-year survival for cancer patients of 85% (49). A similar result of the effectiveness of breast screening programs was found in Europe with a decrease of 25–30% breast cancer mortality for women between 50 and 74 years old. In Australia, the mortality rate has also decreased significantly since BreastScreen program began—from 74 deaths per 100,000 women in 1991 to less than 50 deaths per 100,000 since 2010 (40, 50). Overall, breast cancer screening recommendations are relatively similar across the HICs, with the most common age group targeted to be 50 to 70 years old for biannually screening. The American College of Radiology has the longest screening range, ranging from 45 to 75 years old with a suggestion for annual screening, whilst the UK has the longest screening interval time of 3 years (47).

The World Health Organization (WHO) estimates that up to 11 million cancer cases will be diagnosed in low- and middle-income countries by 2030, which is an 80% increase compared with 2008. By extrapolation, cancer will be the leading cause of death by the end of the 21st century and is predicted to be the greatest obstacle for advancing human life expectancy (51). Early detection of cancer is one way to prevent death. However, screening for early signs of illness in asymptomatic patients is performed much less frequently in LICs and MICs than in HICs. Apart from lack of infrastructure as mentioned above, differences in breast characteristics among women in various populations can also influence the effectiveness of breast screening programs. Compared to Caucasian women (American, European, or Oceanian), Asian women have low breast cancer rates despite generally having small, dense breasts, and the mean onset age of breast cancer for Asian women is around 40–50 years old, which is 10 years younger than that for Caucasian women (46, 52). It is possible that some of the differences in risk profiles between Western and Asian women is related to the structure and gene expression profile of the normal breast. For example, normal breast epithelium is much more likely to be ER-positive in Caucasian women than in Japanese women (53). In addition, breast size is a highly heritable trait, with a twin study estimating the heritability of bra cup size to be 56% (54). Several genome-wide association studies have also identified common genetic variants associated with breast size (55, 56). Asian women typically have smaller breasts than women of Caucasian ancestry. A large cohort of 24,353 Singaporean women showed that the average bust line and total breast area was 91.2 cm and 102.3 cm2 (57) while the UK and Australian women were found with breast volumes calculated using the photograph-contours ranged from 90 to 1544 cm3 (58). Several demographics, reproductive and lifestyle factors have been suggested to influence breast size, but most of these links are anecdotal in nature. Variables found to be significantly associated with bust line and total breast area included Body Mass Index (BMI), marital status, and working status. Age, ethnicity, and number of children were significant predictors of breast area, but not bust line (57).

Additionally, Asian women have comparatively denser parenchyma when compared to Caucasian women, which in turn is related to a reduce efficacy with mammography screening for early cancer detection (46, 59). For example, Maskarinec et al. investigated variations in mammography densities between Japanese, Chinese and Caucasian (US) women and found that both Japanese and Chinese women had an average of 15% smaller unadjusted dense area, yet the proportion of breast density tissues was 20% higher than in Caucasian women (60). However, many of these studies were conducted in the early days of mammography when radiographers had limited experience in mammographic positioning and the equipment such as the compression paddles were not as developed or of high quality compared to present day equipment and techniques. In a recent study of 28231 Singaporean women undergoing screening mammography, the authors reported that the range of mammographic abnormalities was similar to the findings in the Caucasian population (61).

In many Asian countries, especially LICs, ultrasound has been considered as a good alternative for mammography in breast cancer screening, because of its advantage in women with high dense breasts, wide accessible and low operating costs (62). Nevertheless, there are also drawbacks related to ultrasound such as its accuracy dependent on the skills of the probe operator, it is less adept at detecting calcifications and can produce a higher rate of false positives than mammography (62, 63). Whether mammography screening programs should be implemented more widely in certain populations or LIC/MIC countries is a challenging concept. With resource-restricted healthcare systems, most LIC/MIC nations consider that “awareness of breast disease” may be a priority before conducting extensive population-based screening (64). However, significant economic growth and social development that has taken place in recent years, along with infrastructure and lifestyle changes, have led to many LICs and MICs to consider the introduction for formal mammography screening programs more widely.

There were six MIC countries (Russia, Brazil, Mexico, Uruguay, Hungary, Macedonia) which have nationwide or regional mammography screening programs with various recommendation for screening women from age 40 or 50 to 69 biennially. Screening participation rates in these countries, however, fluctuate considerably and is well below 70%, with modelling showing that a participation rate of 70% is optimal for breast cancer mortality reduction (65). Eight countries including South Africa, China, India, Indonesia, Colombia, Ukraine, Bulgaria, and Egypt conducted pilot studies to evaluate the diagnostic accuracy or cost effectiveness of a mammography screening program, which were aimed to notify policy makers practicability of a nationwide screening program. Yet the effectiveness of these pilots was not clear, so the implementation of national screening program is still on hold. One example was the trial from India which found that breast self-exam performed annually from age 40 to 60 had been almost as effective as biennial mammography screening in terms of reducing breast cancer mortality, while incurring only half of the total cost for a mammography screening program (66) suggesting that western mammography screening programs may not be cost-effective, especially given competing medical priorities and economic conditions. This may also be a feature of the population where higher breast density is documented for southern Asian/Indian women (Figure 2).




Figure 2 | Distribution of mammography screening programs across continents and countries with various income levels.



Other countries that have not published research on mammography screening occasionally provide population-based surveys for public awareness of breast cancer. In general, these surveys show that women in LICs are less aware of breast cancer and have been shown to have very low mammography utilization. For example, less than 20% of Iranian women have undertaken mammography (67). One survey in a less developed area of South Africa reported that no women at all have been screened using mammography (68). Although some countries have indicated their intention to introduce mammography screening programs, they are often referred to as “diagnostic mammography programs” after the mammogram has been identified as abnormal or after women who have experienced suspicious symptoms of breast cancer.



Breast screening reader training programs and BREAST

For a mammography screening program to succeed, diagnostic accuracy plays a vital role. In HICs, diagnostic efficacy of breast screening readers (radiologists, breast physicians or reporting radiographers) who interpret the mammograms is regularly monitored through clinical audit programs (69), so that readers with low performance levels can be identified and obtain further training. Nevertheless, most screen readers are exposed to low number of cancer cases in a clinical practice because of breast cancer’s low incidence (approximately 8-15 cancers per 1000 screening women in HICs and even lower in MICs and LICs). Sensitivity and specificity are two of the most important parameters to assess the correct diagnosis of cancer and non-cancer in the population, however these metrics take time to collect due to screening intervals which range from 1-3 years in many established programs, and for ad-hoc screening, the interval period can be hugely variable. Realistically, clinical audit programs can take several years to collect sufficient data to classify reader performances against national standards. Once training programs are established, it may again take years for any progress in diagnostic performances to be identified.

In countries without a breast screening program, the radiologists are even less likely to be exposure to early breast cancer cases on mammograms and thus be unaware about their diagnostic performance due to the lack of clinical audit data. Fortunately, there is a high demand for assessment and training programs with immediate feedback to identify and improve low performance readers, and this leads to the introduction and implementation of mammogram test set innovations such as the Breastscreen REader Assessment STrategy (BREAST) (8–10), PERFORMS (70) and Detected-X (71). These are novel web-based training solutions which present radiologists, breast physicians and radiology trainees (also known as registrars) with high-quality test sets of challenging mammographic examinations (Full Field Digital Mammography (FFDM) or Digital Breast Tomosynthesis (DBT) to interpret, and then provide scores and instant feedback on their diagnostic performances at the end of the test set where overall metrics such as sensitivity, specificity and ROC AUC (Area Under the Receiver Operating Characteristic Curve) can be calculated (Figures 3, 4). Applying test sets to training platforms offers many benefits. Test sets could be arranged in such a way that the intervention is likely to explain for measured changes in diagnostic performances of radiologists. In addition, training sets are typically heavily enriched with pathology-proven cancer cases so have a much higher prevalence and results are almost immediately available to users.




Figure 3 | The diagnostic report on the BREAST platform to a radiologist when a mammogram test set is completed (www.breastaustralia.com).






Figure 4 | Feedback on the BREAST platform for a DBT case interpreted by a radiologist with a correct cancer location detection on the DBT slice (red circle (truth) and yellow circle (user’s marking) were overlapped) on RMLO (Right Mediolateral Oblique) view and a missed cancer location (red circle) on RCC (Right Craniocaudal) view. The first row displayed DBT images and synthesized views were shown on the second row (www.breastaustralia.com).



Among a range of established education programs, BREAST has confirmed its usefulness and effectiveness through the largest number of publications in peer-reviewed journals with high impact factors. Between 2011 and 2021, BREAST has investigated diagnostic performances of radiologists, breast physicians and reporting radiographers in a variety of HIC, MIC and LIC countries with and without national breast screening programs including Australia, UK, Italy, Singapore, China, Mongolia, Iran and Vietnam via their mammogram-based test sets. The number of participants in the published studies have ranged from 10 to 117 and the number of mammographic cases included in test sets range from 35 to 60. Findings from studies show that radiologists from LIC countries with lack of national breast screening programs such as China, Mongolia, and Vietnam (72–74) displayed a significantly lower diagnostic accuracy in detecting cancer lesions on mammograms than radiologists from developed countries with well-established breast screening programs such as Australia, UK, Italy, Singapore (73, 75, 76) (Figure 5). The average differences in the performances between the two groups of countries (LIC versus HIC) were 8% in specificity (0.78 vs 0.70), 12% in sensitivity (0.85 vs 0.73), 29% in cancer location sensitivity (0.76 vs 0.47), 11% in ROC AUC (Area under the ROC Curve) (0.87 vs 0.76) and 24% in JAFROC FOM (Jackknife free-response receiver operating characteristic – figure of merit) (0.75 vs 0.51). This difference was not only reported in digital mammogram test sets but also found in DBT test sets. For example, in a recent study, it was found that the false positive and false negative rates of Chinese radiologists reading the DBT test set via the BEAST platform was 52% and 69% compared with 36% and 35% in Australian radiologists (77). This large difference in cancer detection accuracy might imply that a great number of cancer cases could be missed or incorrectly reported in the clinical practices among MIC and LIC countries, which could have harmful implications for treatment outcomes of patients.




Figure 5 | Diagnostic performances of radiologists in different countries in full-field digital mammogram BREAST test sets. *: Reporting radiographers.



In addition, BREAST studies reported findings based on performances of radiologists from different countries in reading mammograms with different level of breast density and the ability to detect various types of cancer appearances. The most challenging type of cancer lesions to detect on mammograms for LIC radiologists were small lesions such as stellate/spiculated masses along with architectural distortions (the missed rate was 55%-75%) (77, 78), while discrete masses and asymmetric density (or non-specific density) were more likely to be missed (31%-37%) or rated as equivocal (47%-50%) by HIC radiologists (77, 79). This is in line with findings from the PERFORMS program where well-defined masses and asymmetric density accounted for the highest percentage of incorrectly diagnosed cases (25%) among UK radiologists (70). This difference could be related to a large proportion of breast cancer patients in LICs in Asia that present with advanced stages compared with women in HICs. Studies in China, Taiwan, India, Vietnam (LICs and MLICs) demonstrated that the proportion of breast cancer patients with local and distant metastasis were 55% to 85% while this rate in Japan and South Korea were 40-45%, and 28%-35% in Australia, Europe, Canada and USA (59) (39, 46). Hence, radiologists in LICs and MICs with very limited breast screening abilities may not be accustomed to recalling women with small lesions or detect early cancers such as stellate lesions.

Furthermore, BREAST data has shown that Asian radiologists were more likely to achieve higher diagnostic accuracy when reading high density mammograms than mammograms with low breast density compared with their counterparts in Westernized countries. This discrepancy could be explained by the fact that Asian women tend to have smaller and higher dense breasts when viewed on mammography than Western/Caucasian women with the odds ratio for women with dense breasts versus fatty breasts increasing from 1.2 for women aged less than 45 to 1.6 for women over 65 years old according to a study of over 28,000 women of different races in the United States (80). Similarly, studies in Asian populations also support this finding with approximately 70% of mammograms in Vietnam demonstrating high breast density (81) and Chinese women had 10% higher breast density rates than Australian women (82). Thus, Asian radiologists are more likely to encounter high breast density mammographic cases compared to radiologists in Western countries where more women with low dense breasts reside.

The low level of diagnostic accuracy of the radiologists from countries with lack of breast screening programs compared with those that interpret screening cases regularly can be explained partly by the difference in expertise levels. In BREAST studies, the majority of radiologists (56%-82%) from MICs and LICs (China, Mongolia and Vietnam) reported that they read equal to or less than 20 mammograms per week whilst more than 65% of radiologists in HICs (Australia, Singapore) stated they read more than 20 cases per week. When breast screening experts interpret a mammogram, they will firstly extract information from an initial global impression, which requires a solid knowledge (also known as a memory schema) of what is normal anatomical breast features in order to differentiate abnormalities. This type of skill requires breast image readers to have considerable experience that can be achieved through conducting minimum annual readings facilitated by an active screening program (83, 84).

The number of cases read per year has been shown to be an essential component of high diagnostic performances (85). National accreditation standards in HICs such as Australia and the UK require between 2000 and 5000 reads per year (84) whereas it is lower at 960 cases every 2 years in the US. While effective training and ongoing clinical practice can develop mammographic interpretation skills, it is difficult for radiologists from LICs and MICs to achieve adequate experience in interpreting mammograms without an effective feedback loop that shows errors, successes and can offer both immediate and comprehensive feedback so that learning takes place at the point of self-testing of performance. Furthermore MIC and LIC countries tend to have shorter radiology training periods when compared to HIC such as Australia which has a 5 year radiology training period (74) (86, 87). The variation of diagnostic errors among radiologists between HICs and MICs/LICs highlights the need for effective education and training strategies tailored to better suit with local clinicians to enhance breast cancer diagnostic efficiency. One approach that could help radiologists with low levels of experience or less access to mammographic caseloads is building online interactive training platforms similar to BREAST as a continuing professional development activity. The BREAST platform currently provides the users with access to the mammogram test sets (both FFDM and DBT) at the same quality as DICOM images directly from the BREAST platform or through the PACS (Picture Archiving and Communication System). Studies have shown reasonable levels of agreement between diagnostic performances of radiologists in clinical reporting and their performance in test set environments in mammogram interpretation (69) and the use of training test sets is likely to improve diagnostic skills of radiologists in identifying abnormal lesions on screening mammograms and consequently improve patient health outcome.

The BREAST test sets, which can be made available through via the online platform or through workshops appended to scientific meetings/conferences has been used as an official training tool for BreastScreen Australia and BreastScreen New Zealand readers for more than a decade. Previous studies provide evidence that BREAST test sets have a positive effect on diagnostic efficacy of radiology fellows as a part of the quality assurance module of the national breast cancer screening program in Australia. Results show that the lesion sensitivity of readers recorded an increase from 20% to 31% among radiologists who read BREAST test sets regularly and this improvement was recorded in 83% of radiologists and an extraordinary 100% in radiology trainees (9). Recently, Qenam et al. (2022) reported a positive association of the improvement in positive predictive value and specificity of Australian radiologists through BREAST test sets with their diagnostic enhancement in clinical audits, further supporting the need for online educational tools like BREAST to exist (88).

Training test sets, via the online BREAST platform, have also been used to improve the diagnostic accuracy of radiologists from LICs. As a national example, a number of studies have been undertaken to map radiologists’ performances in reading mammograms in Vietnam (73, 89), where initial benchmarking reported that the detection of spiculated masses and stellate lesions by Vietnamese radiologists was significantly lower than calcification, discrete mass or asymmetric density (90). Therefore, Vietnamese radiologists were provided tailored BREAST training sets designed to focus on the type of lesions that they missed, with a similar level of difficulty as the pre-test set. Results showed significant improvement in diagnostic accuracy of radiologists in Vietnam, with an increase of 20.6% in the detection of stellate/spiculated mass after dedicated the training test set (90). This indicates that the cancer detection of radiologists on mammograms from less developed countries can be improved with an appropriate training intervention after areas for improvement have been mapped.



Limitations and future opportunities

The results discussed here in relation to the BREAST program have some limitations. The majority of the test set images come from the BreastScreen Australia digital library and hence represent women that attend screening in Australia. The population with the highest participation in BreastScreen Australia is White women although Australia is a very multi-cultural country with a large migrant population from Europe and Asia, and with one in four women attending being born overseas. A small number of test sets available through the BREAST program do include images from local populations where agreements have been secured with other national institutions (such as images from Vietnam for Vietnamese test results and from Iran for Iranian results). Furthermore, a number of test sets are engineered to simulate diversified populations, such as the high-density test sets which are curated using BSA images but include women who have greater than 50% mammographic breast density. In this case, BREAST has used this collection of cases to represent an Asian population and it should be acknowledged that there are a number of limitations with this approach. The greatest authenticity comes from case collection from local populations and tested with local clinicians and education enterprises such as BREAST and others need to strive to work collaboratively with different countries and organisations to create an international radiology education community that works together yet is culturally and diversely appropriate.

Although there are obvious advantages to this online training method via the use of test sets, several limitations must be taken into account to consider future development. Firstly, the performances of readers were evaluated based on the gold standard set by a panel of clinical experts who curated the test sets and this is further correlated by histopathology results. However, within test sets that are designed to be completed within a reasonable timeframe for concentration, completion and feedback, there is naturally a limited number and variety of cases in the test sets which may not represent all scenarios in the screening environment. Furthermore, using the test set method might have a psychological or social desirability effect as participants are aware of being tested, and they might increase their recall rate in an attempt to maximize sensitivity. In addition, although performance within BREAST test sets do show good correlation to clinical performance, there remains the scenario that client/patient care is not affected by the choices they make within self-assessment modules or tests. Thus, the purposes of BREAST test sets are to increase diagnostic efficacy though practice, targeted learning objectives, feedback and reflection. Therefore test sets need to be incorporated into a holistic and multidisciplinary educational regime to improve expertise that also includes other documented links to improved performance, such as building a broad social learning network and participation in multidisciplinary team activities (91, 92).

Further work is needed to fully understand the precise mechanism behind the findings of why radiologists in different countries have varying performance in detecting specific types of abnormal lesions on mammograms and how clinical variability can be reduced. The power of a global breast cancer detection community that builds expertise by sharing resources from one country to another needs to continue and BREAST has achieved strong results leveraging from investment by the Australian government and assisting with mapping and improving cancer detection via test sets in other HIC, MIC and LIC countries. Future research and shared education might involve multi-ethnicity mammograms and eye-tracking or brain tracking technology to trace how radiologists detect lesions on mammograms so that an understanding of decision-making errors can be included. Additionally, BREAST focuses on the use of screening cases as it is intrinsically linked to the national program BreastScreen Australia, and extension of interactive learning environments is very feasible to include other imaging modalities and scenarios, such as ultrasound, MRI and contrast enhanced mammography as well as the use of artificial intelligence to predict reader error and provide personalised test sets.

In conclusion, this review showed that there was significant variation in diagnostic performances in screening mammogram test sets in different countries. Difference in breast features, discrepancies in mammogram reading experiences, the availability of high-quality national breast screening program and breast image interpretation training courses between developed and less developed countries are likely to have an impact on the variation of readers’ performances. The online educational and training methods using real-life clinical cases via test sets like BREAST which were shown to improve the diagnostic performances of radiologists and radiology trainees are significantly helpful to radiologists and breast image readers in different countries with and without breast screening programs in improving their diagnostic accuracy in mammogram interpretation, especially when cancer incidence rates and population demand for advanced medical imaging methods continues to rise.
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Background

Early diagnosis of axillary lymph node metastasis is very important for the recurrence and prognosis of breast cancer. Currently, Lymph node biopsy is one of the important methods to detect lymph node metastasis in breast cancer, however, its invasiveness might bring complications to patients. Therefore, this study investigated the diagnostic performance of multiple ultrasound diagnostic methods for axillary lymph node metastasis of breast cancer.



Materials and methods

In this study, we searched PubMed, Web of Science, CNKI and Wan Fang databases, conducted Bayesian network meta-analysis (NMA) on the studies that met the inclusion criteria, and evaluated the consistency of five different ultrasound imaging techniques in axillary lymph node metastasis of breast cancer. Funnel graph was used to evaluate whether it had publication bias. The diagnostic performance of each ultrasound imaging method was ranked using SUCRA



Results

A total of 22 papers were included, US+CEUS showed the highest SUCRA values in terms of sensitivity (SEN) (0.874), specificity (SPE) (0.911), positive predictive value (PPV) (0.972), negative predictive value (NPV) (0.872) and accuracy (ACC) (0.990).



Conclusion

In axillary lymph node metastasis of breast cancer, the US+CEUS combined diagnostic method showed the highest SUCRA value among the five ultrasound diagnostic methods. This study provides a theoretical basis for preoperative noninvasive evaluation of axillary lymph node metastases in breast cancer patients and clinical treatment decisions.



Systematic review registration

https://www.crd.york.ac.uk/PROSPERO/, identifier CRD42022351977.





Keywords: ultrasound, ultrasound elastography, contrast-enhanced ultrasound, breast cancer, lymph nodes metastasis, network meta-analysis



1 Introduction

Breast Cancer is the most common malignancy tumor in women worldwide, and its incidence is much higher than other cancers (1), it ranks first in incidence and second in mortality among female malignant tumors (2). The occurrence of axillary lymph nodes metastasis is a key factor affecting the recurrence and prognosis of breast cancer. In order to avoid the spread of cancer cells through lymph nodes, axillary lymph node dissection is often performed in breast cancer patients. Although this method can effectively inhibit the recurrence of breast cancer and improve the prognosis, it may cause a series of complications, such as lymph node edema, Cellulitis, etc. Currently, the axillary staging and treatment of early breast cancer has changed from complete axillary lymph node dissection to sentinel lymph node biopsy (SLNB), which has a higher accuracy rate and a lower rate of postoperative complications (3). However, as an invasive procedure, SLNB may still lead to postoperative complications such as subcutaneous effusion, nerve injury, and restriction of shoulder joint movement, and the incidence of SLNB is 7.1% (4). Therefore, an accurate assessment of the extent of axillary lymph node involvement by non-invasive methods before surgery can minimize the incidence of postoperative complications caused by invasive methods. In non-invasive diagnosis, the sensitivity (SEN) of axillary lymph node palpation is only 33% to 68% (5), computer tomography (CT), positron emission tomography (PET) and other diagnosis methods (6) have the disadvantages of high price, radiation, etc., and do not show the obvious correlation in the evaluation of axillary lymph node metastasis in breast cancer (7, 8).

As one of the main detection methods of non-invasive imaging, ultrasound (US) has the advantages of no radiation, economy, convenience, and real-time imaging, and has become a common imaging method for the diagnosis of axillary lymph node metastasis in breast cancer. However, some studies have shown that 2D ultrasound has low SEN and specificity(SPE) in detecting benign and malignant lymph nodes due to its poor imaging of deep axillary lymph nodes and inability to show typical morphological changes (9). Ultrasound elastography (UE), contrast-enhanced ultrasound (CEUS), and other techniques may allow better differentiation between benign and malignant masses (10, 11). Studies have shown that elastography has high diagnostic performance in distinguishing benign from metastatic LNs, however, Park et al (12) showed that elastography did not have a significant advantage in evaluating metastatic lymph nodes. Tsai et al (13) found that US+UE showed higher SEN and SPE than US and UE alone. With the continuous progress of ultrasound technology, CEUS is widely used in clinical practice, and has higher SEN and SPE for lymph node metastasis, so that accuracy of diagnosing axillary lymph node metastasis in breast cancer is better improved.

The diagnostic performance of ultrasound diagnostic techniques for breast Cancer axillary lymph nodes is still controversial, and the results obtained by different clinical trials are also different. Therefore, we comprehensively analyze the diagnostic performance of US, UE, CEUS, US+UE, and US+CEUS.

This study conducted an NMA of the diagnostic performance of US, UE, CEUS, US+UE, and US+CEUS using two or more published studies of ultrasound imaging methods, comparison of different ultrasound imaging techniques for detection of SEN, SPE, positive predictive value (PPV), negative predictive value (NPV), accuracy (ACC) in axillary lymph node metastases. Helping clinicians find more accurate methods for diagnosing axillary lymph node metastases in breast cancer thereby improving patient outcomes.



2 Method


2.1 Retrieval strategy

We searched for relevant studies published in Chinese National Knowledge Infrastructure, PubMed, Web of Science, and Wan Fang before July 2022. Using “lymph node”, “Lymphatic Metastasis”, Elasticity imaging Techniques”, “Ultrasonography”, “Breast” cancer”, “ Contrast Ultrasound “ and other keywords were searched (Table 1). The included references were also screened to ensure that all included references met the inclusion and exclusion criteria.


Table 1 | Search strategy.





2.2 Research screening

The relevant inclusion criteria are as follows: 1) Population: patients with pathologically proven breast cancer with axillary lymph node metastasis; 2) Diagnosis method: including two or more ultrasound imaging methods; 3) Study result should include calculable indicators such as true-positive (TP), false-positive (FP), true-negative (TN), false-negative (FN) of describe the diagnostic performance of the study; 4) Type of study: diagnostic trial.

The relevant exclusion criteria include the following aspects: (1) The study population is non-human studies or studies with axillary lymph node metastases of breast cancer without pathological confirmation; (2) the diagnostic performance indicators in the studies are incomplete; (3) Editorials, reviews, case reports, meeting minutes, guidelines, etc.

The titles and abstracts of retrieved articles were read by two authors, respectively. studies that do not meet the inclusion criteria will be excluded according to the inclusion and exclusion criteria established in this study.



2.3 Data extraction

Data extraction was performed on the originally included studies and was independently extracted by two investigators. The extracted data included: 1) The first author; 2) Research publication time; 3) Country of the first author; 4) The mean of the patient’s age; 5) Diagnostic method; 6) Sample size; 7) The results of the study were TP, FP, TN, FN.



2.4 Statistical analysis

This meta-analysis has been registered on the PROSPERO website with registration number CRD42022336701.We divided the different ultrasound diagnostic methods in the included study into five groups, namely US, UE, CEUS, US+UE, and US+CEUS, and used NMA to analyze the diagnostic performance of the five groups in the diagnosis of axillary lymph node metastasis in breast cancer. According to the PRISMA NMA list, Stata’s(version-15.1) -Markov chain Monte Carlo model was used. The NMA was aggregated and analyzed in a Bayes-based framework, and the five groups of data were compared directly and indirectly. The diagnostic performance of each diagnostic method was judged by analyzing its SEN, SPE, PPV, NPV, and ACC indicators, and using the P value or I2 to evaluate heterogeneity. P value <0.05 or I2>90% indicates that the heterogeneity was large.

We also use the nodal method to evaluate the inconsistency in NMA, using the surface under the cumulative ranking curve (SUCRA) to calculate the probability of each imaging mode. The value of SUCRA is between 0 and 1(0≤SUCRA ≤ 1), when SUCRA is 1, it indicates that the intervention is absolutely effective, and when SUCRA is 0, it indicates that the intervention is absolutely ineffective. According to the value of SUCRA, the pros and cons of the diagnostic methods can be sorted, so as to screen out the most effective diagnostic methods.

This study used funnel plots to detect possible publication bias, and the results showed that the distribution of funnel plots was roughly symmetric, suggesting that there was no publication bias or other bias in the study (Figure 1).




Figure 1 | Funnel plot on publication bias (A=CEUS, B=UE, C=US, D=US+CEUS, E=US+UE).






3 Results


3.1 Literature selection

This study found 8072 studies from the database based on keywords, of which 1999 articles were extracted from PubMed, 3502 articles were extracted from Web of Science,1214 articles were extracted from Wan Fang, and 1357 articles were extracted from CNKI. A total of 8050 studies that did not meet the inclusion criteria were excluded from this study, and 22 studies were finally included (3, 10, 12–31) (Table 2). We included published studies using two or more ultrasound imaging methods, and analyzed and evaluated the extracted diagnostic indicators.


Table 2 | Flow diagram of literature selection.





3.2 Study characteristics

A total of 7776 patients (range, 42-313) were included in 22 studies (3, 10, 12–31), all of whom were pathologically confirmed to have lymph node metastases of breast cancer. Among these studies, there were 2 retrospective studies and 20 randomized controlled studies. There were many studies on the US, UE, and US+UE in the included literature, among which 18 studies compared US vs UE,11 studies compared US vs US+UE, 11 studies compared UE vs US+UE, 5 studies compared US vs CEUS. Five studies compared US vs US+CEUS (Table 3). The quality assessment of the literature was based on QUADAS-2 scale to evaluate 22 studies from four aspects: Patient Selection, Reference Standard, Index Test, and Flow Timing. The results show that the overall quality of the included studies was relatively satisfactory (Figure 2). Among the 22 articles, 5 had an unclear risk of bias in the Index Test, which may be due to the differences in the operators performing the tests and their experience levels.


Table 3 | Overview of characteristics of all included studies.






Figure 2 | Bias risk of the included studies (QUADAS 2 criteria).





3.3 Network meta-analysis

The Network evidence diagram was shown in Figure 3. In this study, the consistency of direct comparison and indirect comparison of the included studies was analyzed, and the results showed that all studies were P > 0.05, indicating that the studies had good consistency.




Figure 3 | Network Mate-Analysis Figure.




3.3.1 SEN

NMA showed that US+CEUS [MD=0.15, 95%CI (0.02, 0.28)] was superior to the control group (CEUS) in diagnosing SEN in axillary lymph node metastasis of breast cancer (Table 4A). US+CEUS ranked first in SEN for axillary lymph node metastasis of breast cancer in different methods(SUCRA: 87.4% as shown in Table 5) (Figure 4).


Table 4 | League table on five kinds of diagnostic efficacy.






Figure 4 | SUCRA plot for SEN.





3.3.2 SPE

NMA showed that US+CEUS [MD=0.16, 95% CI (0.01, 0.31)] was superior to the control group (UE) in diagnosing of SPE in axillary lymph node metastasis in breast cancer. US+CEUS [MD=0.21, 95%CI (0.07, 0.35)] and CEUS [MD=0.17, 95%CI (0.03, 0.31)] were superior to the control group (US) in diagnosing of SPE in axillary lymph node metastasis in breast cancer (Table 4B). US+CEUS ranked first in SPE for axillary lymph node metastasis of breast cancer in different methods(SUCRA: 90.8% as shown in Table 5) (Figure 5).


Table 5 | SUCRA values of preoperative detection of axillary lymph node metastases in breast cancer patients by 5 different ultrasonic diagnostic methods.






Figure 5 | SUCRA plot for SPE.





3.3.3 PPV

NMA showed that US+CEUS [MD=0.18, 95%CI (0.05, 0.31)] was superior to the control group (US+UE) in diagnosing of PPV in axillary lymph node metastasis of breast cancer. US+CEUS [MD=0.20, 95%CI (0.08, 0.34)] was better than control group (UE) in diagnosing of PPV in axillary lymph node metastasis of breast cancer. US+CEUS [MD=0.22, 95%CI (0.11, 0.33)] and CEUS [MD=0.15, 95%CI (0.04, 0.26)] were superior to the control group (US) in the diagnosing of PPV in axillary lymph node metastasis of breast cancer (Table 4C). US+CEUS ranked first in PPV for axillary lymph node metastasis of breast cancer in different methods (SUCRA: 97.3% as shown in Table 5) (Figure 6).




Figure 6 | SUCRA plot for PPV.





3.3.4 NPV

NMA showed that US+CEUS [MD=0.10, 95%CI (0.01, 0.19)] and US+UE [MD=0.08, 95%CI (0.02, 0.14)] were superior to the control group (US+UE) in diagnosing of NPV in axillary lymph node metastasis of breast cancer (Table 4D). US+CEUS ranked first in NPV for axillary lymph node metastasis of breast cancer in different methods (SUCRA:87.6% as shown in Table 5) (Figure 7).




Figure 7 | SUCRA plot for NPV.





3.3.5 ACC

NMA showed that US+CEUS was superior to the control group in diagnosing of ACC in axillary lymph node metastasis of breast cancer (US+UE, UE, US) (Table 4E). US+CEUS ranked first in ACC for axillary lymph node metastasis of breast cancer in different methods(SUCRA:99.0% as shown in Table 5) (Figure 8).




Figure 8 | SUCRA plot for ACC.







4 Discussion

Early identification of axillary lymph node metastasis in breast cancer is crucial for the prognosis and treatment of breast cancer patients, and SLNB is a necessary means to detect whether breast cancer has lymph node metastasis (32). However, SLNB usually carries a risk of acute or long-term complications including nerve damage, lymphedema, and wound infection etc (33). Therefore, accurate prediction of axillary lymph node metastasis in breast cancer by non-invasive diagnosis is an urgent problem to be solved. This study evaluated the diagnostic performance of US, UE, CEUS, US+UE, and US+CEUS of axillary lymph node metastasis in breast cancer patients with in detail from five aspects: SEN, SPE, PPV, NPV, and ACC. This is the first systematic review and NMA of non-invasive imaging modalities of ultrasound diagnostic methods in patients with pathologically confirmed breast cancer with axillary lymph node metastases. A total of 22 articles were included in this study, with a total of 7776 patients (range, 42-313), The combined ultrasound method was significantly better than the single ultrasound method in the diagnosis of axillary lymph node metastasis in breast cancer. Compared with other diagnostic methods, US+CEUS showed obvious advantages in predicting axillary lymph node metastasis in breast cancer in all aspects. The SUCRA values showed that CEUS had higher SEN and higher accuracy than US and UE alone in a single diagnostic method. Our analysis showed that US+CEUS could be an effective non-invasive diagnostic method for clinical diagnosis of axillary lymph node metastasis in breast cancer.

The US is considered to be a routine non-invasive diagnostic method for diagnosing axillary lymph node metastasis in breast cancer. The status of axillary lymph node s is usually assessed by blood flow, size, and shape. However, US diagnosis usually relies on the doctor’s own experience and skills, and there may be a higher misdiagnosis rate, and its SEN and SPE are quite different (27). The SPE and SEN of this diagnostic method in this study were 70% and 86%, respectively, similar to the results of Qing.Z et al. (28). UE is widely used in the diagnosis of superficial organs and lymph node metastases. Wang J et al. (24) believed that traditional two-dimensional ultrasound technology is not ideal for the differential diagnosis of breast cancer axillary lymph node metastases, while UE can accurately reflect tissue stiffness. Thus, the types of breast cancer axillary lymph node metastasis can be identified semi-quantitatively. We analyzed the 12 included articles and found that the SEN and SPE of UE for breast cancer axillary lymph node metastasis were 83% and86%, respectively, which were consistent with the results of Choi J.J et al (15).

The morphology of lymph nodes and blood flow distribution are studied using conventional ultrasound, although it is difficult to identify small infiltrative foci that do not result in morphological changes in lymph nodes; Doppler ultrasound is unable to detect anterior lymph nodes because of its low signal-to-noise ratio, inability to see microvessels, and difficulty displaying tissue perfusion. The examination of abdominopelvic and superficial organ lesions as well as the detection of SLN in breast cancer have all benefited from the widespread use of CEUS, a novel technology for the dynamic assessment of tissue perfusion utilizing ultrasonic contrast agent (UCA). It has been commonly used for the diagnosis of benign and malignant breast cancer and the assessment of axillary lymph node metastasis. Ultrasonography under enhanced conditions can reveal some of the new and immature tissues around the tumor, and the boundary and internal blood flow of the primary breast cancer are more clearly shown compared to conventional ultrasound. It is mainly by injecting a contrast agent into the patient’s body to enhance the outline of the axillary lymph node according to the concentration of the contrast agent in the patient’s axillary lymph nodes. compared with normal lymph nodes, metastatic lymph nodes showed longer duration of enhancement as well as higher imaging intensities. CEUS has been shown to be more accurate than other ultrasound methods in previous studies, and our study showed the same results with a SEN and SPE of 82% and 88%, respectively.

Most of the current clinical prediction models of axillary lymph node metastasis of breast cancer are based on clinicopathological characteristics such as age, tumor size, and histological grade. However, these clinicopathological features are usually acquired intraoperatively or postoperatively, and the diagnostic performance of single diagnostic imaging is not ideal. Therefore, we analyzed combined diagnostic methods, such as US+CEUS, and US+UE. Compared with previous studies, the combined diagnostic method was significantly higher than the single diagnostic method in terms of diagnostic performance, especially the US+CEUS combined diagnostic method showed satisfactory predictive results in terms of SEN and SPE, the mean reason is that conventional ultrasound must first locate lymph nodes in order to distinguish between benign and malignant ones; however, some lymph nodes are challenging to distinguish from nearby tissues and are frequently missed. However, some lymph nodes are hard to spot in the tissues around them and are frequently missed. By using enhanced microbubbles to detect these occult lymph nodes, CEUS can aid in their detection. It can also correct some lymph nodes that conventional ultrasonography incorrectly labeled as benign due to minor metastases. Traditional ultrasonography misdiagnoses lymph nodes as benign because of minor metastases. The combined diagnosis of the two can offer a thorough assessment of the lymph nodes’ size, shape, internal structure, and lymphatic drainage, and evaluation of the internal anatomy, lymphatic drainage, size, morphology, and diagnostic value of axillary lymph nodes. There were still some limitations in the study. First, this study needs to include kinds of literature containing two or more diagnostic methods. However, it is found that the number of such articles is limited through search, resulting in an uneven number of studies on each diagnostic method. Second, some of the results of this study may have an impact on the results of the study due to differences in the number of patients between studies. Third, due to the differences in the experience level of the radiologist in the diagnosis of diseases, there are potential differences in the studies. In view of the above deficiencies, it is suggested that readers should reasonably refer to and select the diagnostic method of this study according to clinical practice and actual results.

In conclusion, the analysis of this study showed that single US, UE, and CEUS have limited diagnostic performance in diagnosing axillary lymph nodes metastases in breast cancer. Compared with single ultrasound imaging, US + CEUS have highest diagnostic performance of axillary lymph nodes metastasis in breast cancer in the combined diagnosis, which can provide a reliable basis for breast cancer axillary lymph nodes metastasis, However, due to the lack of literature, more prospective studies are still needed to confirm this conclusion.
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1.00-1.20
1.00-1.97

1.05-1.25
1.04-1.40
1.15-1.93

0.89-1.10
1.03-1.25
1.18-1.61
1.10-1.65

<0.001
0.007
0.107
0.002

<0.001

<0.001
0.218

0.269
0.051
0.051

0.002
0.014
0.003

0.876
0.011
<0.001
0.004

Heterogeneity (I%) (%)

59.2
27.6
425
0
66.5
37.3
73.5

63.2
46.7
88.3

63.7
79.1
72.2

84
41.2
76.2
74.4
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Author, year

Vatten L], 1990
Bennicke K, 1995
Calle EE, 1994
Goodman MT,
1997

Nishino Y, 2001
Hanaoka T, 2005
Olson JE, 2005
Lin Y, 2005

Pirie K, 2008
Reynolds P, 2009
Xue F, 2010

Luo J, 2011
Rosenberg L, 2013
Dossus L, 2014
Catsburg C, 2015
Wada K, 2015
White AJ, 2017
van den Brandt
PA, 2017

Jones ME, 2017
Gram IT, 2019
Heberg J, 2019
Zeinomar N, 2019
Botteri E, 2021
Gram IT, 2022

Kato I, 1992

Field NA, 1992
Pawlega ], 1992
Chu SY, 1990
Schechter MT,
1989

Adami HO, 1988
Hirose K, 1995
Smith §J, 1994
Braga C, 1996
Ranstam J, 1955
Morabia A, 1998
Tung HT, 1999
Johnson KC, 2000
Marcus PM, 2000
Ueji M, 1998
Lash TL, 2002
Kropp S, 2002
Liu L, 2000
Shrubsole M]J,
2004

Alberg AJ, 2004
Gammon MD,
2004

Manjer J, 2004
Bonner MR, 2005
Metsola K, 2005
Mechanic LE,
2006

Ha M,2007
Roddam AW,
2007

Slattery ML,2008
Rollison DE, 2008
Young E, 2009
Ahern TP, 2009
Conlon MS, 2010
De Silva M,2010
Sezer H, 2011
Hu M, 2013

Gao CM, 2013
McKenzie F, 2013
Ilic M, 2013
Kawai M, 2014
Tong JH, 2014
Pimhanam C,
2014

Li B, 2015
Connor AE, 2015
Hara A, 2017
Butler EN, 2016
Park SY, 2016
Strumylaite L,

2017

Dianatinasab M,
2017

Ellingjord-Dale
M, 2017

Regev-Avraham
Z,2018

Godinho-Mota
JCM, 2019
Alsolami FJ, 2019

Baset Z, 2021

NA, not available;

Country

Norway
Denmark
America
Japan
Japan
Japan
America
Japan
United
Kingdom
America
America
America
America
France
Canada
Japan
America
Netherlands
United
Kingdom
America
Denmark
America
Sweden
Norway
Japan
America
Poland
America
Canada
Sweden,
Norway
Japan
United
Kingdom
Ttaly
United
Kingdom
Switzerland
Japan
Canada
America
Japan
America
Germany
China
China
America
America
Sweden
America
Finland
America
America
United
Kingdom
America
America
America,
Canada
America
Canada
Sri Lanka
Turkey
China
China
New
Zealand
Serbia
America
China
Thailand
China
Spain
Japan
America
America
Lithuania
Iran
Norway
Israel
Brazil
Saudi

Arabia
Afghanistan

C, breast cancer.

Median follow-up
time (years)

12

NA

14

7.8

6.3

6.4

NA

7.7

18.8

10.4

9.5

19.8

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

Age at
recruitment
(year)

35-51

15-92

30-75

30-85

>40

40-59

55-69

40-79

50-64

>35

30-55

50-79

21-69

35-65

40-59

>35

35-74

55-69

>16

45-75

>44

18-79

30-49

34-70

20-75

20-79

35-75

20-54

40-59

<45

20-80

<36

20-74

25-59

30-74

29-85

25-74

20-74

26-69

40-85

<50

24-55

25-64

NA

24-98

NA

35-79

44-77

NA

22-92

36-45

>50

40-79

25-75

<75

25-75

30-64

35-60

25-75

30-65

NA

30-75

20-44

>18

17-76

25-70

25-70

35-85

20-64

20-75

28-90

35-65

50-69

30-70

30-80

45-75

>30

Median age at time of
analysis (years)

NA

45.0

56.0

64.5

56.6

49.0

62.0

57.0

57.0

53.0

58.0

62.0

37.0

58.0

52,0

53.0

54.9

59.0

47.0

62.0

56.0

46.7

40.0

49.8

48.0

NA

46.7

50.0

NA

60.0

46.0

7026.0

60.0

49.0

No. of BC
cases

242

230

880

161

67

180

2,017

208

2,518

1,754

8,772

3,520

1,377

9822

6,549

543

1,843

2,526

1,815

4,230

1,407

1,009

1,848

2,185

908

1,617

127

4,134

254

422

1,186

755

2,569

998

242

376

2,317

864

145

615

468

186

1,013

110

1,356

260

1,166

483

2,311

906

639

1,183

287

6,235

557

347

100

172

196

669

1,799

1,920

312

444

877

2,889

1,808

5,791

449

526

4,420

137

197

214

201

No. of
participants

24,617

3,240

604,412

22,200

9,675

21,805

37,105

34,410

210,647

57,523

121,700

79,900

59,000

322,988

89,835

15,719

50,884

62,573

102,927

67,313

16,106

17,435

29,930

76,394

1,816

3,234

377

8,351

1,061

949

24,349

1,502

5,157

1,996

1,301

806

4,755

1,654

385

1,281

1,561

372

2,130

223

2,739

3271

965

4,333

12,372

1,279

2,266

598

12,768

989

1,122

303

555

407

1,351

4,339

382

2,858

624

888

1,767

7917

1,038

3372

23,167

1379

1,052

28,700

411

542

432

402

Study
Type

Cohort
study
Cohort
study
Cohort
study
Cohort
study
Cohort
study
Cohort
study
Cohort
study
Cohort
study
Cohort
study
Cohort
study
Cohort
study
Cohort
study
Cohort
study
Cohort
study
Cohort
study
Cohort
study
Cohort
study
Cohort
study
Cohort
study
Cohort
study
Cohort
study
Cohort
study
Cohort
study
Cohort
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
Case-control
study
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Subgroup analysis

Ever active smoking
Current
Former
Cohort study
Case-control study
Premenopausal BC
Postmenopausal BC
Smoking duration
<20 years
20-30 years
30-40 years
>40 years
Smoking intensity
<10 cigarettes per day
10-20 cigarettes per day
20-30 cigarettes per day
>30 cigarettes per day
Pack-years smoked
<10 years
10-20 yeasr
20-40 yeasr
>40 yeasr
Age started smoking
< 16 years
17-19 years
>20 years
Years since quitting
<10 years
10-20 yeasr
>20 yeasr
Fertility status
Multiparous population

Nulliparous population

Active smoking before first birth

<5 years before first birth
>5 years before first birth

Active smoking after first birth

<10 years after first birth

>10 years after first birth
BC subtypes

ER+ BC

<10 years smoking

>10 years smoking

<10 cigarettes per day

>10 cigarettes per day
ER- BC

<10 years smoking
>10 years smoking

<10 cigarettes per day

>10 cigarettes per day

No. ofstudies

56
39
42
17
39
23
25

38
36
20
13

35
38
29

31
36
29
12

25
34
33

18
18
bl

24
13
21
22

10

RV NN

[ NN N

OR

115
112
1.09
113
119
124
1.03

1.06
1.15
1.15
122

1.27
1.05
1.01

113
1.05
122
1.06
1.24
1.08
1.00
1.06

95%CI

1.11-1.20
1.08-1.16
1.06-1.12
1.07-1.18
1.12-1.26
1.17-1.32
0.97-1.10

1.03-1.09
1.10-1.19
1.10-1.20
1.13-1.31

1.03-1.10
1.14-1.25
1.11-1.22
1.07-1.31

1.01-1.08
1.08-1.15
1.17-1.27
1.11-1.23

1.07-1.15
1.12-1.20
1.04-1.11

1.15-1.41
1.00-1.09
0.97-1.06

1.07-1.20
0.92-1.20
1.17-1.27
1.01-1.11
1.14-1.35
1.04-1.12
0.93-1.09
0.99-1.14

1.08-1.18
0.90-1.09
1.04-1.25
1.00-1.17
1.06-1.32
0.97-1.19

0.91-1.16
0.98-1.18

0.87-1.08
1.00-1.39

OR, odd ratio; CI, confidence interval; ER, estrogen receptor; PR, progesterone receptor; BC, breast cancer.

<0.001

0.007
<0.001
<0.001
<0.001
<0.001

0.314

<0.001
<0.001
<0.001
<0.001

0.001
<0.001
<0.001

0.001

0.005
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001

<0.001
0.046
0.552

<0.001
0432
<0.001
0.023
<0.001
<0.001
0.922
0.077

<0.001
0.870
0.007
0.041
0.002
0.155

0.699
0.105

0.603
0.049

Heterogeneity (I°) (%)

54.9
40.1
333
726
319
6.2
30.8

27.8
57
40.8

13.3

304

30.2
9.4

55

0.9
17.8

9.2
16.5

74.2
5.0

94
49.9
19.1

48.8

30.0
49.6
259
62.7

53.5
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‘} BREAST Information News Instruction My test sets Q&A 3] Log out

Test set result - Attempt1

c Test set information e Questionnaire e Test . Scores o Answers e Survey

@ Certificate

TeSt Set resu It Value Description

e g Percentage of negative case selections you made that correspond to the true normal cases (Min
0,

SpeCIfICIty 72% value = 0%, Max value = 100%)

Ratio of the number of cancer cases you correctly identified versus the overall number of cancer
cases (Min value = 0%, Max value = 100%)

Sensitivity 80%

Ratio of the number of malignant lesions or nodules you correctly identified versus the overall
Lesion Sensitivity 65% number of true lesions or nodules (Min value = 0%, Max value = 100%) (Min value = 0%, Max
value = 100%)

True Positive 16 The number of positive or abnormal cases you called positive (Min value = 0)
False Positive 11 The number of negative or normal cases you called positive (Min value = 0)
True Negative 29 The number of negative or normal cases you called negative (Min value = 0)

. The number of positive or abnormal cases you called negative = Missed cancer cases (Min value
False Negative 4

= 0)

Acquired by combining case sensitivity, specificity and confidence ratings. ROC is useful in
ROC 0.798 gauging a clinician’s confidence in deciding abnormal cases (Min value = 0.000, Max value =

1.000)

Acquired by combining location sensitivity, specificity and confidence ratings. JAFROC is useful in
gauging a clinician’s confidence in deciding lesion location (Min value = 0.000, Max value = 1.000)

JAFROC 0.724

Compare to other radiologists (N = 12)
< 25th Percentile 25th Percentile

Specificity 0% 100%

Sensitivity 0% 88% 100%
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N N
] N
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y 20
(<] o
a° a°
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o°

Lesion Sensitivity 0% 100%

ROC 0.000 0.796 0.823 0.877 1.000

JAFROC 0.000
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various imcome levels.

F Group A: countries with nationwide breast screening programs,

P Group B: countries with regional mammography screening programs;

P Group C: countries had trials or pilot programs for mammography breast screening;

P Group D: countries conducted campaigns on breast cancer screening awareness and access to
mammography

B Low-income countries (<$1,046)

W Lower middle-income countries (81,046 - $4,095)
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B High income countries (>$12,695)
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Tumor subtype® Prognostic value of IL-6 Reference

Luminal A *ER+ breast cancer cells express and/or secrete lower cytokine levels than ER- cells (128, 129) (128-130)
High levels of gene expression of IL-6 receptor in luminal A and B (130)

Luminal B *The luminal B HER2+ group was found to feature the highest spontaneous secretion of IL-6 among subgroups (131) (130, 131)
*High levels of gene expression of IL-6 receptor in luminal A and B (130)

HER2 (+/-) *HER2- patients with recurrence had higher levels of circulating IL-6 (P=0.024) (132) (122, 126, 132-135)
*High IL-6 expression was significantly associated with DFS in HER2- (P = 0.026) (126)
*High serum in HER2+ patients (P<0.05) (133)
IL6 as good indicator in both HER2- (P = 0.001) and HER2+ subgroups (P = 0.002) (134)
*Association with HER2 or endocrine therapy resistance (122, 135)

TNBC ePatients with recurrence had higher levels® of circulating IL-6 (P=0.024) (132) (123, 126, 132, 136, 137)
*High IL-6 expression was significantly associated with DFS in non-TNBC (P =0.003) (126)
eInduction of TNBC progression (123, 136, 137)

ER/PR status *High IL-6 expression was significantly associated with DFS in ER+ (P =0.025) (126) (126, 133, 134)
eHigh serum in ER+ patients (P<0.05) (133)
*IL6 as the independent prognostic factor for good outcome (P=0.001) (134)

Metastasis eHigher serum IL-6 level correlated with more metastatic sites (P<0.0001) (15) (15)

2Luminal A (ER+ and/or PR+, HER2-, and Ki-67 index<15%); luminal B ([ER+ and/or PR+, HER-, and Ki-67 index=15%)] or [ER+ and/or PR+ and HER2+]); HER2 only (ER-, PR-, and HER2
+); TNBC (ER-, PR-, and HER2-).
bHigh and low levels were determined based on the median value.
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Agents

Bazedoxifene

6a

Sarilumab

Sittuximab

Tocilizumab

Antibody/Compound

Synthetic Anti-gp130
compound

Anti-IL-6 synthetic
pyrrolidinesulphonylaryl
compound

IL-6R antagonist

CNTO-328, IL-6 mAb
which received FDA-
approval

IL-6R antagonist

Preclinical

Inhibit the growth of IL-6-induced
SUM159 breast cancer cell line (153)

Inhibition of STAT3 phosphorylation in IL-
6 stimulated MDA-MB-231 breast cancer
cell line (143)

Treatment in 6 orthotopically implanted
PDX lines in vivo (145)

Trastuzumab-resistant breast tumor
xenograft mouse model

Clinical trial

Breast tissue density change (NCT00774267)
(NCT00418236)

To eliminate minimal residual disease in TNBC
(NCT04333706)

For metastatic HER2 positive breast cancer
resistant to Trastuzumab (NCT03135171)
Treatment combinations in patients with
metastatic or inoperable locally advanced
TNBC (NCT 03424005)

Mechanism

1. Inhibition STAT3
phosphorylation by disrupting IL-
6/gp130 interface (153)

2. Estrogen antagonist in breast
tissue

Selective inhibition of STAT3
phosphorylation (143)

Selective inhibition of STAT3
phosphorylation (143)

To prevent binding to soluble and
membrane bound interleukin-6
receptors
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Clinicopathological features

Tumor nest

Age
(<50yvs=>50Yy)
Tumor size

(< 2cm vs = 2cm)
Lymph node status
(NO vs. N1-8)
Histological grade

(1, 1l vs )

Vascular invasion
(yes vs no)

Ki-67 status
(positive vs negative)
ER status

(positive vs negative)
PR status

(positive vs negative)
HER-2 status
(positive vs negative)
Tumor stroma

Age
(<50yvs=>50Yy)
Tumor size

(< 2cm vs = 2cm)
Lymph node status
(NO vs. N1-8)
Histological grade

(1, lvs i)

Vascular invasion
(yes vs no)

Ki-67 status
(positive vs negative)
ER status

(positive vs negative)
PR status

(positive vs negative)
HER-2 status
(positive vs negative)

References

> 50 years
>2cm
N1-3

n

No
Negative
Negative
Negative

Negative

> 50 years
>2cm
N1-3

L}

No
Negative
Negative
Negative

Negative

No. of studies

Model

Random

Random

Random

Random

Random

Random

Random

Random

Random

Random

Random

Random

Random

Random

Random

Random

Random

Pooled OR (95% CI)

0.59 (0.33-1.04)
0.36 (0.15-0.85)
0.74 (0.13-1.29)
0.85 (0.46-1.56)
0.40 (0.28-0.58)
4.23 (1.33-13.48)
223 (1.19-4.18)
1.34 (0.88-2.04)

0.08 (0.05-0.14)

0.48 (0.13-1.85)
0.59 (0.12-2.94)
0.71(0.21-2.42)
0.32 (0.08-1.35)
0.08 (0.01-2.16)
0.32 (0.21-0.49)
5.00 (3.68-6.80)
1.23 (0.60-2.55)

0.21(0.01-6.81)

P value

0.07

0.02

0.28

0.60

< 0.001

0.01

0.01

017

< 0.001

0.29

0.52

0.59

0.12

0.13

< 0.001

0.57

0.38

Heterogeneity

P (%) P value
93 < 0.001
96 <0.001
90 <0.001
95 <0.001
55 0.11
94 < 0.001
94 < 0.001
78 <0.001
88 < 0.001
96 < 0.001
97 <0.001
91 <0.001
97 <0.001
94 < 0.001
94 <0.001
80 0.006
99 <0.001

TAMs, tumor-associated macrophages; OR, odds ratio; Cl, confidence interval: ER, oestrogen receptor; PR, progesterone receptor: HER-2, human epidermal growth factor receptor-2.





OPS/images/fonc.2022.905846/table3.jpg
Clinicopathological features References No. of studies Model Pooled OR(95% CI) P value Heterogeneity

P (%) P value
Tumor nest
Age > 50 years 4 Random 0.21(0.13-0.34) < 0.001 65 0.04
(<80yvs=50Yy)
Tumor size >2cm 5 Random 0.34 (0.12-1.00) 0.05 95 <0.001
(< 2cm vs = 2cm)
Lymph node status N1-3 3 Random 0.94 (0.21-4.13) 0.93 95 <0.001
(NO vs. N1-3)
Histological grade I 5 Random 0.41(0.13-1.31) 0.13 95 <0.001
(I, hvs )
Vascular invasion No 2 Fixed 0.56 (0.38-0.82) 0.003 17 0.27
(yes vs no)
Ki-67 status Negative 2 Random 4.70 (0.88-25.00) 0.07 93 < 0.001
(positive vs negative)
ER status Negative 2 Fixed 3.55 (2.58-4.88) < 0.001 51 0.15
(positive vs negative)
PR status Negative 1 - 1.81(0.92-3.57) 0.09 - -
(positive vs negative)
HER-2 status Negative 2 Random 0.11 (0.01-0.79) 0.03 94 < 0.001
(positive vs negative)
Tumor stroma
Age = 50 years 4 Random 1.71 (0.567-5.08) 0.34 90 < 0.001
(<50yvs =50y)
Tumor size >2cm 5 Random 0.31 (0.06-1.54) 0.15 96 <0.001
(< 2cm vs > 2cm)
Lymph node status N1-3 4 Random 1.98 (0.44-8.96) 0.38 95 < 0.001
(NO vs. N1-8)
Histological grade I 5 Random 0.36 (0.06-2.19) 0.27 97 <0.001
(I, hvs i)
Vascular invasion No 1 - 0.03 (0.01-0.09) - - -
(yes vs no)
Ki-67 status Negative 1 - 2.52 (1.30-4.85) - - -
(positive vs negative)
ER status Negative 2 Random 2.96 (0.61-14.35) 0.18 91 0.001
(positive vs negative)
PR status Negative 3 Fixed 1.22 (0.87-1.71) 0.26 46 0.16
(positive vs negative)
HER-2 status Negative 3 Random 0.25 (0.02-2.53) 0.24 97 <0.001

(positive vs negative)

TAMs, tumor-associated macrophages; OR, odds ratio; Cl, confidence interval: ER, oestrogen receptor; PR, progesterone receptor: HER-2, human epidermal growth factor receptor-2.
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Variable

Region (Europe/Asian)

Year (after 2018/before 2018)
Sample size (<200/=200)

Cut-off value (not median/median)

Univariable Meta-Regressions

Standard deviation

0.689
0.624
0.620
0.724

P value

0.269
0.527
0.571
0.465

95%Cl

0.56-8.29
0.20-2.29
0.21-2.37
0.14-2.44

Multivariable Meta-Regression

Standard deviation

0.960
0.813
0.990
1.164

P value

0.660
0.672
0.324
0.345

95%Cl

0.23-10.02
0.14-3.49
0.05-2.62
0.03-3.26
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Tool HRQoL " (%) Studies included Begg’s test Trim-and-fill method

z P z P
QLQ-C30
Functional subscales Global health status 98.5 23 021 0.833 - -
Physical functioning 99.5 23 1.74 0.081 - -
Role functioning 99.1 23 0.11 0.916 - -
Emotional functioning 99.2 23 1.58 0.113 - -
Cognitive functioning 984 23 0.11 0.916 = -
Social functioning 98.7 22 0.73 0.463 - -
Symptom subscales Fatigue 99.3 23 1.06 0.291 - -
Nausea and vomiting 99.3 22 1.97 0.048 1.298 0.194
Pain 99.1 23 0.90 0.369 - -
Dyspnea 99.3 22 2.14 0.032 1.905 0.057
Insomnia 98.9 23 0.85 0.398 - =
Appetite loss 99.4 23 0.95 0.342 - -
Constipation 99.4 22 023 0.822 - -
Diarrhea 99.6 22 2.54 0.011 0914 0.361
Financial difficulties 99.4 21 0.03 0.976 - -
QLQ-BR23 Functional subscales Body image 95.8 13 0.06 0.951 - -
Sexual functioning 99.9 12 021 0.837 - -
Sexual enjoyment 99.7 12 0.07 0.945 - -
Future perspective 983 13 0.18 0.855 - -
Symptom subscales Systemic side effects 99.6 12 137 0.244 - -
Breast symptoms 99.7 13 0.31 0.760 - -
Arm symptoms 99.2 13 L16 0.246 - -
Upset by hair loss 98.9 12 075 0.451 - -

Begg's test: z: statistic; p: p value, the statistic significance of Begg's test. p<0.05 indicates than there is publication bias.
Trim-and-fill method: z: statistic; p: p value, the statistic significance of the pooled results after trim-and- fill method.
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Author Country ~Sample  Markers Cut-off Tissue  Analysis Follow-up Outcome ~ Selection Comparability Outcome NOS

size value distribution assessment
Leek et al., 1996 (23) England 91 CDB8+ Median 12 Tumor nest  Unavailable 60 months 08, DFS Hok ok *k * 6
Tsutsui et al., 2005 (24)  Japan 249 CD68+ 55th percentie Tumor nest  Unavailable  Unavaiable DFS Hokkk *k * 7
Murri et ., 2008 (25) UK 168 CD68+ Terties Tumor nest  Blind Median 72 months 0s, BCSS Hkkk * *ok 7
Campbell et al., 2010 (26)  American 216 CDBB+/ 5 Tumor nest  Blind 108 months 08, DFS Hok ok *ok *kk 8
PCNA+
Mukhtar et al., 2011 (27)  American 70 CD68+/ Median Tumor nest  Blind Median 10.34 years ~ OS, DFS *kk *k *xkk 8
PCNA+ 5
Mohammed et al, 2012 UK 468 CD6B+ Terties Tumor nest  Blind 10 years 08, BCSS Hokk ok * *kk 8
(28)
Medrek etal. 2012 (29)  Sweden 144 CD68+ Median 50% Tumor nest  Unavaiiable  Median 6.55 years 0S,BCSS,  *kkx * *xk 8
CD163+ and stroma (0.33-7.55) DFS
Mahmoud et al. 2012 (30) UK 1902 CDes+ ™, 6 Tumor nest  Blind Unavailable 08, BCSS, ok ke * *ok 6
T8.17 and stroma DFS
Cario etal, 2012 (31)  American 29 CDes+ Positive Tumor nest  Unavaiiable  Unavaiable 0s *kk * *kk T
Zhang etal., 2013 (32)  China 172 CDB8+ Median 26 Tumor nest  Blind Unavailable 08, DFS kk *k *ok 7
Campbel et al,, 2013 (33) American 102 CDes Mean 24 Tumor nest  Unavailable  Unavaiable 08, DFS ok k *ok ok 7
+/PCNA+
Yuan et al., 2014 (34) China 287 CD68+ 16 Tumor Unavailable  Median 89 months 08, DFS ok ok * *kk T
stroma (4-181)
Guiam et al., 2014 (35) UK 361 CD68+ Terties Tumor Blind Median 168 months ~ OS, BCSS Hkkk * *Hk B
stroma
Yang et al., 2015 (36) China 100 CDB8+ Median 61.14 Tumornest Unavailable ~ Mean 56.68 months  0S Hokk * >k 6
Sousaetal, 2015(37)  Finland 562 CD68+ Median Tumor nest  Double- Unavailable DFS Hkkk * *Hk B
CD163+ ©D68: 369 blinded
CD163: 167.5
Gwak etal, 2015 (38)  Korea 276 CD68+ Median 24.2 Tumor nest  Unavaiiable  Median 7.7 years (0.1~ DFS Hokk *k *ok 7
106)
Tiainen etal. 2015 (17)  Finland 270 CD68+ Median Tumor Bind Median 6.3 years (0.4-  OS Hokk *k *xkk 8
CD163+ CD68: 34 stroma 11.1)
CD163: 26
Ward et al., 2015 (39) UK 129 CDes+ Mean value Tumor nest  Unavailable  Median 78 months DFS *kk * *ok 6
Koru-Sengul et al., 2016 American 150 CD163+ 150 Tumor Blind Unavailable 08, DFS Hokk ok * *kk 8
(40) stroma
Tian et al., 2016 (41) China 278 CD163+ Median 50% Tumor Unavailable  Median 76 months (4-  OS *kk * *k 6
stroma 116)
Shiota et al., 2016 (42)  Japan 167 CDBB+ Median 50% Tumor nest  Blind Median 86 months (1-  0S, BOSS, k. * *kk 8
159) DFS
Xu et al., 2017 (43) China 102 CDes+ Mean number Tumor Bind Unavailable 08, DFS Hkkk * *kk 8
stroma
Miyasato et al., 2017 (44) Japan 149 CDBB+ 190 Tumor nest  Blind Unavailable 0S,BCSS,  *kkx * *kk 8
CD163+ DFS
Liu et al. 2017 (45) China 203 CD163+ 10% Tumor Unavailable ~ Median 51 months (13- OS, DFS Hokk *ok *k 7
stroma 88)
Yang et al. 2018 (46) China 200  CD68+ TN 115 Tumor nest  Blind Median 66 months (12-  OS, DFS *kk *k *kk 8
CD163+ TS: 36 and stroma 86)
Zhang etal., 2018 (47)  China 278 CD163+ Mean Tumor nest  Blind Median 87 months (8- DFS Hokk *ok *ok 7
130)
Yuan et ., 2019 (48) China 217 CD68+ Immunoreactivity scoring  Tumor nest  Blind 5years DFS *kk * *kk T
>6
Jeongetal, 2019 (49)  Korea 367  CD6B+ CDB8+ Tumor nest  Blind Unavalable 08, DFS *dek * *kk T
CD163+ N33 and stroma
TS:17.8
CD163+
: 167
TS: 21
Jamiyan et al. 2020 (50)  Japan 107 CDBB+ Median value CD68+  Tumor nest Unavailable  Unavailable 08, DFS *kk * ok 6
CD163+ TS: 262 and stroma
TN 1.2
CD163+
TS:266
™: 86
Chen et al., 2020 (51) Singapore 198 CD68+ >10% Tumor Unavailable  Median 7.2 years (0-  DFS *kk * *kk T
CD163+ stroma 20.4)
Gunnarsdottir et al., 2020  Sweden 286 CD6B+ 10% Tumor nest  Blind Unavaiable 0s >k *k ok 7
(52)
Lin et al,, 2021 (53) Germany 298 CD68+ <45 Tumor Unavailable 12 years 08, DFS *kk *ok * 6
stroma

TN, tumor nest; TS, tumor stroma; OS, overal survival; DFS, disease-free survival; BCSS, breast cancer specific survival; NOS: Newcastle-Ottawa Scale checkiist
% A star means that the study obtain one score in NOS.
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Year

Dubashi, 2010
(29)

Ghufran, 2013
(30)

Min, 2020 (31)
Chen, 2018
(32)

Muna, 2018
(33)

Huang, 2019
(34)

Najaf, 2016
(35)

Fatemeh, 2021
(36)

Safaee, 2008
(37)
Almutairi, 2016
(38)

Najmeh, 2013
(39)
Aishwarya,
2019 (40)
Ganesh, 2016
(41)

Sajani, 2014
(42)

Azlina, 2013
(43)

Ahmet, 2009
(44)

Huang, 2017
(45)

Syarifah, 2022
(46)

Huda, 2012
(47)

Shafika, 2009
(48)

Fatemeh, 2017
(49)

Saleha, 2010
(50)

Fahimeh, 2018
(51)

Random pool
ES (95% CI)

Country

India
Bahrain

Myanmar

China
Nepal
China
China
Iran

Iran
Saudi
Arabia
Iran
India
Malaysia
Nepal
Malaysia
Turkey
China
Malaysia
Lebanon
Kuwait
Iran
Pakistan

Iran

Physical
functioningES
(95% CI)
86.39 (81.57, 91.21)

74.92 (72.60, 77.24)

80.40 (76.94, 83.86)
75.50 (74.13, 76.87)

90.21 (89.06, 91.36)
87.85 (86.24, 89.46)
68.51 (65.42, 71.60)
71.70 (68.87, 74.53)
57.31 (53.04, 61.58)
62.90 (58.90, 66.90)
63.14 (58.240, 68.04)
55.86 (54.99, 56.73)
81.70 (79.39, 84.01)
71.40 (68.05, 74.75)
76.32 (69.76, 82.88)
63.10 (56.68, 69.52)
91.19 (89.83, 92.55)
83.10 (81.42, 84.78)
79.10 (74.72, 83.48)
52.60 (50.62, 54.58)
91.35 (89.40, 93.31)
56.40 (52.60, 60.20)
60.60 (56.43, 64.77)

73.15 (66.84, 79.46)

Role
functioningES
(95% CI)
87.01 (80.79, 93.23)

68.84 (65.00, 72.68)

66.40 (59.72, 73.08)
77.40 (75.37, 79.43)

98.28 (97.32, 99.24)
89.38 (86.93, 91.83)
71.17 (66.91, 75.43)
72.70 (68.96, 76.44)
6527 (59.00, 71.54)
67.60 (62.85, 72.35)
63.93 (57.82, 70.04)
3574 (29.77, 41.71)
82.30 (78.99, 85.61)
78.50 (73.64, 83.36)
67.24 (56.98, 77.50)
68.20 (59.85, 76.55)
94.05 (92.40, 95.70)
77.80 (75.70, 79.90)
73.41 (67.09, 79.73)
55.10 (52.84, 57.36)
86.70 (82.98, 90.42)
61.00 (55.20, 66.80)
61.40 (57.89, 64.91)

72.70 (66.06, 79.33)

Functional subscales

Emotional
functioningES (95%
CI)

82.11 (75.74, 88.48)

63.41 (59.84, 66.98)

73.30 (68.52, 78.09)
74.20 (72.63, 75.77)

93.06 (91.88, 94.24)
80.00 (77.36, 82.64)
42,90 (38.88, 46.92)
54.00 (50.08, 57.92)
56.26 (50.72, 61.80)
83.30 (79.61, 87.00)
4338 (38.18, 48.58)
33.97 (24.66, 43.28)
78.50 (75.89, 81.11)
46.40 (39.66, 53.14)
65.80 (58.90, 72.70)
71.50 (65.24, 77.76)
84.82 (82.46, 87.18)
93.70 (92.03, 95.37)
65.92 (60.01, 71.84)
60.30 (57.93, 62.68)
78.55 (74.81, 82.29)
46.16 (41.03, 51.29)
51.40 (48.19, 54.61)

66.38 (59.66, 73.11)

Cognitive
functioningES (95%
CI)

89.25 (83.81, 94.69)

73.38 (70.19, 76.57)

83.60 (79.09, 88.11)
76.90 (75.35, 78.45)

97.19 (96.00, 98.38)
75.61 (72.89, 78.33)
74.43 (70.77, 78.10)
77.20 (73.96, 80.44)
72.27 (67.33, 77.21)
68.30 (63.86, 72.74)
54.41 (48.46, 60.36)
65.24 (55.64, 74.84)
84.10 (81.74, 86.46)
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Variable

Overall
Age, years
18-39
40-49
50-64

65-74
75+

Occupation
Homemaker
White collar
Blue collar
Other

Income, NTD
<20,000
20,001-39,999
40,000+

Urbanization
Urban
Suburban
Rural

CCI score
0

1+

Event, n
3,714

300
973
1,385

691
365

1,206
576
1,496
436

2,318
1,043
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1,765
1,439
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3,379
335

CC control

PY
203,189
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59,991
70620

28,134
17,324

65,362
40,548
73,822
23,458

117,010
63868
22,311

98,506
77,461
27,223

187,765
15424

Rate

18.3

16.2
19.6

24.6
21.1

18.5
14.2
20.3
18.6

19.8
163
15.8

17.9
18.6
18.7

18.0
217

PY, person-years; Rate, per 1,000 person-years; CCI, Charlson comorbidity index.
Adjusted for matched pair. *p < 0.05, **p < 0.01, ***p < 0.001.

Event, n
3,634
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952
1,285

672
324

1,152
627
1,393
462

2,233
1,011
390
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1,308
586

3,282
352

Cervical cancer

PY
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17,579

95,869
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Rate
217
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19.7
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25.6
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21.9
18.3
22.2
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23.3
19.3
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20.5
25.2

21.5
243

HR (95% CI)
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1.63 (1.40-1.89)***
1.18 (1.08-1.29)**
1.10 (1.02-1.19)*
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1.16 (1.08-1.26)***
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1.37 (1.20-1.56)***

1.15 (1.09-1.22)**
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127 (1.10-1.47)***
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1.09 (1.01-1.17)*
132 (1.17-1.49)***

1.17 (1.12-1.23)***
1.12 (0.96-1.29)
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Drug Regimen NCT.gov Sample Phase; Population
Identifier Size Status
Neoantigen DNA Vaccine NCT03199040 10 I; ANR Clinical Stage T1c-T4c, Any N, MO TNBC Prior to
Durvalumab Neoadjuvant Chemotherapy, with Residual
Invasive BC after Neoadjuvant Therapy
VRP-HER2 NCT03632941 39 ;R Advanced HER2-overexpressing BC
Pembrolizumab
PVX-410 NCT03362060 20 I; ANR HLA-A2 + Metastatic TNBC
Pembrolizumab
Galinpepimut-S NCT03761914 90 ;R Advanced Tumors including Advanced TNBC
Pembrolizumab
RO7198457 NCT03289962 770 IR Advanced Tumors including Advanced TNBC
Atezolizumab
PVX-410 NCT02826434 22 Ib; ANR HLA-A2 + Subjects Following Standard
Durvalumab Treatment of Stage Il or Il TNBC
Hiltonol
Multiepitope Folate Receptor Alpha Peptide Vaccine NCT03012100 280 IR Stage I-lll TNBC
Cyclophosphamide
NeuVax Vaccine NCT02297698 100 II; ANR Stage I-lll Noninflammatory, HER2+ High-risk BC
Trastuzumab
A Peptide Mimotope-based Vaccine P10s-PADRE with NCT02938442 102 ni; R Stage |, Il or Il TNBC
MONTANIDE ™ ISA 51 VG
Doxorubicin
Cyclophosphamide
Paclitaxel
AE37 Peptide vaccine NCT04024800 29 IIl; ANR Advanced TNBC
Pembrolizumab
Dendritic Cell Vaccine NCT03387553 30 IR HER-2/neu Positive Invasive BC during
Neoadjuvant Chemotherapy Neoadjuvant Therapy
Anti-HER2/HER3 Dendritic Cell Vaccine NCT04348747 23 lla; NYR Patients With Asymptomatic Brain Metastasis
Recombinant Interferon Alfa-2b From TNBC or HER2+ BC
Celecoxib
Pembrolizumab
Personalized Synthetic Long Peptide Vaccine NCT03606967 70 IR Advanced TNBC
Carboplatin
Durvalumab
Gemcitabine Hydrochloride
Nab-paciitaxel
Tremelimumab
Multiepitope HER2 Peptide Vaccine TPIV100 NCT04197687 480 ;R HER2 Positive, Stage II-lll BC in Patients With
Pertuzumab Residual Disease After Chemotherapy and
Trastuzumab Surgery
pPUMVC3-IGFBP2-HER2-IGF1R Plasmid DNA Vaccine NCT04329065 16 IR BC during Neoadjuvant Therapy
Paclitaxel
Trastuzumab
Pertuzumab
Brachyury-TRICOM NCT04296942 65 LR Advacned BC
Entinostat
M7824
Ado-trastuzumab emtansine
In Situ Vaccination With Fit3 L, Radiation, and Poly-ICLC NCT03789097 56 ni; R Advanced, Measurable, Biopsy-accessible
Pembrolizumab Cancers including BC
In Situ Vaccination NCT02643303 58 /11; ANR Advanced, Measurable, Biopsy-accessible
Durvalumab Cancers including BC

Tremelimumab

ANR, active; not recruiting; NYR, not yet recruiting; R, recruiting.
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Variable Breast BC control Standardization difference Cervical CC control Standardization difterence

cancer N=96,862 cancer N =26,703
N = 96,862 N = 26,703
Age, years n % n % n % n %
18-39 11,988 12.4 11,964 12.4 0.001 2915 10.9 2,908 10.9 0.001
40-49 31919 33.0 32,199 332 0.006 6,555 246 6,592 247 0.003
50-64 37,843 39.1 37,906 39.1 0.001 9,270 347 9,151 343 0.009
65-74 11,485 11.9 11,243 11.6 0.009 5,335 20.0 5,234 19.6 0.010
75+ 3,627 3.74 3,550 3.67 0.010 2,628 9.84 2,818 10.5 0.012
Mean (SD) 523 (11.9) 517 (13.8) 0.046 56.6 (14.4) 56.1  (16.0) 0.034
Occupation
Homemaker 26,383  27.2 26,122 27.0 0.006 8,923 334 9,026 338 0.008
White collar 20,911 31.9 30,913 319 0.000 4,881 183 4,782 179 0.010
Blue collar 28,101 29.0 28,346 293 0.006 9,452 354 9,485 355 0.003
Other 11,467 11.8 11,481 11.9 0.000 3,447 129 3410 128 0.004
Income, NTD
<20,000 35152 363 35,141 363 0.000 13,777 51.6 13,845 519 0.005
20,001-39,999 40,279  41.6 40,387 41.7 0.002 9,669 362 9,669  36.2 0.000
40,000+ 21431 221 21,334 220 0.002 3,257 122 3,189 119 0.008
Urbanization
Urban 57,723 59.6 58,045 59.9 0.007 12,811 480 12,857 482 0.003
Suburban 30,659  31.7 3,791 318 0.003 10,118 379 10,215 383 0.007
Rural 8,480 8.75 8,026 8.29 0.017 3,774 14.1 3,631 13.6 0.015
CCI score
0 87,948 90.8 89,857 92.8 0.072 22,961 86.0 23,408 877 0.050
1 6,053 6.25 5,106 5.27 0.042 2,281 8.54 2,086 7.81 0.027
2+ 2,861 2.95 1,899 1.96 0.064 1,461 5.47 1,209 453 0.043

SD, standard deviation; Other: unemployed or retired; CCI, Charlson comorbidity index.
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Breast cancer BC control Hazard ratio (95% confidence interval)

Outcome n PY Rate n PY Rate Crude Adjusted

Anxiety 8,724 549,703 159 7,617 632,488 12,0 1.33 (1.30-1.39) 1.29 (1.25-1.33)

Depression 3,806 549,703 692 2,385 632,488 377 1.83 (1.79-1.89) 1.78 (1.69-1.87)
Cervical cancer CC control

Anxiety 2,584 167,182 155 2,754 203,189 136 1.14 (1.09-1.21) 1.12 (1.06-1.18)

Depression 1,050 167,182 628 960 203,189 472 1.33 (1.25-1. 41) 1.29 (1.18-141)

PY, person-years; Rate, per 1,000 person-years; Adjusted hazard ratio, adjusted for matched pair.
b < 0.001 for each hazard ratio.
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Outcome Crude HR (95% CI) Adjusted hazard ratio (95% CI)
Anxiety 1.01 (0.94-1.03) 1.04 (0.99-1.09)
Depression 1.08 (1.04-1.11) 1.09 (1.02-1.17)

Adjusted for age, occupation, income, urbanization, and CCI score.
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Variable

Overall
Age, years
18-39
40-49
50-64

65-74
75+

Occupation
Homemaker
White collar
Blue collar
Other

Income
<20,000
20,001-39,999
40,000+

Urbanization
Urban
Suburban
Rural

CCI score
0

1+

PY, person-years; Rate, per 1,000 person-years; CCIL, Charlson comorbidity index.

Event, n

10,002

854
3,438
4,182

983
545

2,862
2,633
3,370
1,137

4,844
3,409
1,749

6,008
3,119
875

9,380
622

BC control

PY

632,488

95,003
234,562
231,962

44,085
26,876

164,289
209,800
190,807
67,592

270,388
232,941
129,159

382,364
197,532
52,592

602,452
30,036

Adjusted for matched pair. *p < 0.05, ***p < 0.001.

Rate

8.99
14.7
18.0

223
203

17.4
12.6
17.7
16.8

17.9
146
135

157
158
16.6

15.6
20.7

Event, n

12,530

1,400
4,348
5,039

1,332
411

3,480
3,563
4,147
1,340

5472
4,639
2419

7,462
3,859
1,209

11,644
886

Breast cancer

PY

549,703

78,297
19,962
201,127

51,600
19,069

145,502
183,478
164,392
57,232

230,279
203,872
11,553

334,402
167,820
47,481

510,899
38,804

Rate

17.9
21.8
25.0

25.8
21.6

23.9
19.4
25.4
23.4

23.8
22.7
20.9

223
23.0
25.5

22.8
22.8

Adjusted HR (95% CI)

1.40 (1.37-1.44)**

1.91 (1.75-2.07)***
1.44 (1.38-1.51)*
1.36 (1.30-1.41)**

1.15 (1.06-1.25)**
1.07 (0.94-1.22)

1.34 (1.28-1.41)**
151 (1.43-1.58)*
1.40 (1.34-1.46)***
1.35 (1.25-1.46)*

1.29 (1.24-1.34)
151 (1.45-1.58)*
1.51 (1.42-1.60)*

1.39 (1.34-1.43)
141 (1.35-1.48)*
1.48 (1.36-1.62)**

1.42 (1.39-1.46)**
1.12 (1.01-1.24)*





OPS/images/fonc.2022.974523/table2.jpg
RBP Clinical Relevance References

RBM38 The high expression of RBM38 is positively correlated with the low rate of distant metastasis and good prognosis in patients with breast cancer. (54)
HuR Patients with high levels of cytoplasmic HuR have a higher risk of metastasis. (17)
LIN28  The expression of LIN28 is related to the stage and subtype of advanced disease in patients with breast cancer, and the expression of LIN28 (30)

may be an independent prognostic factor.

MSI MSI-1 is a negative prognostic marker for disease-free and distant metastasis free survival of breast cancer, which has a negative impact on the (40, 42)
overall survival rate. Low expression of MSI-2 is associated with poor prognosis in patients with breast cancer.
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Method SEN SPE PPV NPV ACC

UscC 20.5 47 8.7 13.9 57
UE B 49.1 32.7 28.1 44.9 27.7
CEUS A 15.8 78.1 757 24.1 64.8
US+UE E 77.2 43.8 40.1 79.5 227
US+CEUS D 87.4 90.8 97.3 87.6 99.0

SEN, Sensitivity; SPE, Specificity; PPV, Positive predictive value; NPV, Negative predictive value; ACC, Accuracy.
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US+CEUS US+UE

A. League table on SEN

US+CEUS -0.04 (-0.19,0.12)
0.04 (-0.12,0.19) US+UE
0.08 (-0.06,0.23) 0.05 (-0.04,0.13)
0.12 (-0.00,0.25) 0.09 (0.00,0.18)
0.15 (0.02,0.28) 0.11 (-0.04,0.27)
B. League table on SPE

US+CEUS CEUS
US+CEUS -0.04 (-0.18,0.10)
0.04 (-0.10,0.18) CEUS

0.14 (-0.02,0.30) 0.10 (-0.06,0.27)
0.16 (0.01,0.31) 0.12 (-0.03,0.28)
0.21 (0.07,0.35) 0.17 (0.03,0.31)
C. League table on PPV

US+CEUS CEUS
US+CEUS -0.07 (-0.18,0.04)
0.07 (-0.04,0.18) CEUS

0.18 (0.05,0.31) 0.11 (-0.02,0.24)
0.20 (0.08,0.32) 0.13 (0.00,0.25)
0.22 (0.11,0.33) 0.15 (0.04,0.26)
D. League table on NPV

US+CEUS US+UE
US+CEUS -0.02 (-0.13,0.09)
0.02 (-0.09,0.13) US+UE
0.06 (-0.04,0.16) 0.04 (-0.02,0.11)
0.09 (0.00,0.19) 0.07 (-0.04,0.18)
0.10 (0.01,0.19) 0.08 (0.02,0.14)
E. League table on ACC

US+CEUS CEUS
US+CEUS -0.08 (-0.16, -0.00)
0.08 (0.00,0.16) CEUS

0.11 (0.01,0.21) 0.03 (-0.07,0.13)
0.14 (0.05,0.23) 0.06 (-0.04,0.15)
0.16 (0.08,0.24) 0.08 (-0.00,0.16)

The values in red have been expounded in the Results section.

UE

-0.08 (-0.23,0.06)
-0.05 (-0.13,0.04)
UE
0.04 (-0.03,0.11)
0.07 (-0.08,0.21)

US+UE
-0.14 (-0.30,0.02)
-0.10 (-0.27,0.06)

US+UE
0.02 (-0.07,0.11)
0.07 (-0.02,0.16)

US+UE
-0.18 (-0.31, -0.05)
-0.11 (-0.24,0.02)
US+UE
0.02 (-0.05,0.09)
0.04 (-0.03,0.11)

UE
-0.06 (-0.16,0.04)
-0.04 (-0.11,0.02)
UE
0.03 (-0.07,0.13)
0.03 (-0.02,0.09)

US+UE
-0.11 (-0.21, -0.01)
-0.03 (-0.13,0.07)
US+UE
0.03 (-0.03,0.08)
0.05 (-0.00,0.11)

Us

-0.12 (-0.25,0.00)
-0.09 (-0.18, -0.00)
-0.04 (-0.11,0.03)
us
002 (-0.11,0.15)

UE
-0.16 (-0.31, -0.01)
-0.12 (-0.28,0.03)
-0.02 (-0.11,0.07)
UE
0.05 (-0.03,0.12)

UE
-0.20 (-0.32, -0.08)
-0.13 (-0.25, -0.00)
-0.02 (-0.09,0.05)
UE
0.02 (-0.04,0.08)

CEUS
-0.09 (-0.19, -0.00)
-0.07 (-0.18,0.04)
-0.03 (-0.13,0.07)
CEUS
0.01 (-0.09,0.10)

UE
-0.14 (-0.23, -0.05)
-0.06 (-0.15,0.04)
-0.03 (-0.08,0.03)
UE
0.02 (-0.02,0.07)

CEUS

-0.15 (-0.28, -0.02)
-0.11 (-0.27,0.04)
-0.07 (-0.21,0.08)
-0.02 (-0.15,0.11)
CEUS

Us
-0.21 (-0.35, -0.07)
-0.17 (-0.31, -0.03)
-0.07 (-0.16,0.02)
-0.05 (-0.12,0.03)
Us

uUs
-0.22 (-0.33, -0.11)
-0.15 (-0.26, -0.04)
-0.04 (-0.11,0.03)
-0.02 (-0.08,0.04)
us

Us
-0.10 (-0.19, -0.01)
-0.08 (-0.14, -0.02)
-0.03 (-0.09,0.02)
-0.01 (-0.10,0.09)
Us

Us
-0.16 (-0.24,-0.08)
-0.08 (-0.16,0.00)
-0.05 (-0.11,0.00)
-0.02 (-0.07,0.02)
Us
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ZHAO Q.
Choi J. J.
Zhou J.
Wojcinski S.
TSAIW. C.

Chang W. Y.

XuY.J.
Park Y. M.
Zhao Q. L.
Luo C. Y.
Lan M.
Vishnu P. P.
Wei L. N.
Wang J.
Seo M.
Youk J. H.
Luo S. Y.
Du L. W.
Zhang Q.
DulL. W.
Zhao Y. D.
Wang S. F.

@:Ultrasound; @:Ultrasonic elasticity; ®:Contrast-enhance ultrasound; @:Ultrasound+ Ultrasonic elasticity; ®:Ultrasound+ Contrast-enhance ultrasound.

Year

2018
2011
2022
2012
2013
2018
2018
2013
2017
2022
2019
2022
2021
2021
2018
2017
2019
2020
2021
2020
2019
2021

country

China
Korea
China
Germany
China (Taiwan)
China
China
American
China
China
China
India
Malaya
China
Korea
Korea
China
China
China
China
China
China

Design  Age, Mean (Range)

Pro 53.1 (31-77)
RCT 53 (27-81)

RCT /

RCT /

RCT 51 (20-84)

RCT 55.3 (21-85)
RCT /

RCT 55 (33-99)

RCT 5247 (27-79)
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RCT 46.3 (34-58)
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RCT 42.4 (35-78)
RCT 54.7 (33-80)
RCT /

RCT 46.68 (27-69)
RCT 49.4 (24-84)
RCT 505 (32-77)
RCT 49.4 (24-85)
RCT 44.4 (28-59)
RCT 484 (25-70)

Patient number

313
62
160
180
89
140
97
101
78
114
107
54
107
85
66
130
158
234
120
234
42
120

Gold standard

Pathologic
Pathologic
Pathologic
Pathologic
Pathologic
Pathologic
Pathologic
Pathologic
Pathologic
Pathologic
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Pathologic
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Records identified from:
PubMed = 1999, Web of Science = 3502,
Wan Fang=1214, CNKI=1357, Total =
8072

3421 of records after duplicates
removed.

1222 of full-test articles assessed
for eligibility

22 of studies included in

qualitative synthesis

22 of studies included in meta-analysis

21990f records were excluded by the
following reasons:

--reviews, case, reports, conference
report, reply, letters(450)

--not related breast cancer, ultrasound,

82 studies were excluded by analysing the
full-text articles with following reasons:
--not Contains two or more studies (357)
--repeat published study (18)

--lack required measurements (496)
--lack of gold standard results (359)
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#12
#13
#14

#15
#16
#17
#18
#19
#20
#21
#22
#23
#24
#25
#26

#27
#28
#29
#30
#31
#32
#33
#34
#35
#36

Retrieval type

lymph node [Mesh]
Neoplasm Staging [Mesh]
Staging, Neoplasm [ Title/Abstract]
Tumor Staging [Title/ Abstract]
TNM Staging System [ Title/Abstract]
TNM Classifications [ Title/Abstract]
Preoperative Staging [Title/Abstract]
Lymphatic Metastasis [Mesh]
Lymphatic Metastases [Title/Abstract]
Lymph Node Metastasis [ Title/Abstract]
Lymph Nodes Metastasis [Title/Abstract]
Metastasis, Lymph Node [ Title/Abstract]
Axilla [Title/Abstract]

#10R #20R #30R #40R #50R #60R #70R #80R #9OR #100R #110R
#120R #13

Ultrasound Contrast [ Title/Abstract]
Elasticity Imaging Techniques [Mesh]
Elastography [Title/Abstract]
Elastogram [Title/Abstract]
B-mode [Title/Abstract]
Ultrasonography [Mesh]
Diagnostic Ultrasound [Title/Abstract]
Ultrasound Imaging [Title/Abstract]
Ultrasonic Imaging [Title/Abstract]
Ultrasonic Diagnosis [ Title/Abstract]
Ultrasound Diagnosis [ Title/Abstract]

#150R #160R #170R #180R #190R #200R #210R#22 OR#23 OR
#240R #25

Breast Neoplasms [Mesh]
Breast Tumors [ Title/Abstract]
Mammary Cancer [Title/Abstract]

Breast Malignant Neoplasm [ Title/Abstract]
Breast Malignant Tumors [Title/Abstract]
Human Mammary Carcinoma [Title/Abstract]
Breast Carcinoma [ Title/Abstract]

Breast Cancer [Title/Abstract]

#27 OR#28 OR#290R #30 OR#310R#32#33 OR#34
#14 AND#26 AND#35
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Identification

Screening

Eligibility

PRISMA 2009 Flow Diagram

Records identified through Additional records identified
database searching through other sources
(n =19746) (n=0)

Records after duplicates removed
(n=11283)

Records screened Records excluded
(n=11283) (n=10351)

Full-text articles assessed
for eligibility
(n=932) Full-text articles excluded, with reasons
(n =855)

Non-observational study
Studies included in (n=339)
qualitative synthesis Duplicate publication
(n=77) (n=218)
Not exploring the risk of breast cancer
(n=176)
No relevant results reported

Studies included in (n=85)

quantitative synthesis Not published in English
(meta-analysis) (n=37)
(n=77)
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Year

2018

2015

2018

2015
2014
2017

2018
2019

2019

2021

Author

Heidari et al. (70)

Sun et al. (71)

Mirniaharikandehei
etal. (72)

Tan et al. (73)
Gierach et al. (74)
Liet al. (75)

Saha et al. (76)

Portnoi et al. (77)

Yala et al. (78)

Yala et al. (79)

Imaging
Modality

Mammography

Mammography

Mammography

Mammography
Mammography
Mammography

MRI
MRI

Mammography

Mammography

# of

Images

570

340

1044

870
237
456

133
1656

88994

275,674

Feature Information

43 features from the discrete cosine transform of the
ROI and the spatial domain

765 texture features from multiscale subregions

8 existing CADe based features

79 texture and density features
38 texture features

4096 features from last fully connected layer of
AlexNet pretrained on ImageNet

8 BPE features

ML Model

SVM

SVM RBF Kernel

Logistic Regression

two stage ANN
Bayesian ANN (BANN)
SVM

multivariate logistic regression

ResNet18 pretrained
imageNet and fine tuned

ResNet18

MIRAI

AUC, area under ROC curve; SEN, sensitivity; SPE, Specificity; PPV, Positive predictive value; NPV, Negative predictive value.

Evaluation
Metrics

AUC: 0.70 + 0.04

AUC: 0.729 £ 0.021
PPV: 0.657 (94/140)

NPV: 0.755 (151/
200)

MLO based AUC:
0.65 £ 0.017

CC based AUC:
0.586 + 0.018

AUC: 0.725 £ 0.026
AUC: 0.72 + 0.08
AUC: 0.83

AUC: 0.700
AUC: 0.638 + 0.094

AUC: 0.70 (95% CI:
0.64, 0.73)

AUC: 0.76-0.79
SEN: 26.0%-41.5%
SPE: 85.2%-93.1%
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Year

2020

2016

2017

2020

2020

2019

2021

2017

2015

2019

2020

2020

Author

El-Sokkary
etal. (80)

Dalmis et al.

(81)
Qiu et al.
(82)

Yurttakal
etal. (83)

Hassan et al.

(54)

Mendel
et al. (85)

Caballo
et al. (86)

Antropova
etal. (87)

Tan et al.
(88)

Li et al. (89)
Heidari
etal. (90)

Moon et al.
[C)

Imaging
Modality

Mammography

MRI
Mammography

MRI

Mammography

Mammography
and DBT

breast CT

Mammography
Ultrasound
MRI
Mammography

Mammography

Mammography

Ultrasound

# of
images

322

395
560

200

600

78

284

739
2393
690
1896

182

1000

1687

697

Feature Information

20 Shape and Texture Features

23 Shape and Kinetic Features

VGG19 pretrained on ImageNet as a Feature
Extractor

1354 radiomic features

VGG19 pretrained on ImageNet as a Feature
Extractor and radiomic features

96 radiomic features

32 lesion-based features 45 parenchymal
features from contralateral breast

12 Structural Similarity Index Features

AUC, area under ROC curve; SEN, sensitivity; SPE, Specificity; ACC, Overall accuracy; F1, F1 index.

Model

SVM RBF Kernel

Random Forest

8 Layer CNN

multilayer CNN

AlexNet pretrained on ImageNet and fine
tuned

GoogleNet pretrained on ImageNet and fine
tuned

SVM

fusion of radiomic features and CNN based
features through MLP

fusion of radiomic features and CNN based
features to a SVM RBF Kernel

Multistage ANN

Bayesian ANN

SVM

Ensemble of VGGNet, ResNet, and
DenseNet

Evaluation
Metrics

PSO Segmentation
ACC: 89.5%

GMM Segmentation
ACC: 87.5%

AUC: 0.8543

AUC: 0.790 + 0.019

ACC: 98.33%
SEN: 1.0
SPE: 0.9688
ACC: 98.29%
SEN: 0.9782
SPE: 0.9876
Acc: 95.63%
SEN: 0.9047
SPE: 0.9822

Mammography
AUC: 0.810 + 0.05

2D DBT AUC: 0.86
+0.04

Key DBT AUC: 0.89
+0.04

AUC: 0.947

AUC:0.86
AUC:0.90
AUC:0.89
AUC: 0.779 + 0.025

AUC: 0.84 = 0.03

AUC: 0.84 £ 0.016
ACC: 79.00%
ACC: 91.10%
SEN: 85.14%
SPE: 95.77%
Precision: 94.03%
F1: 89.36%

AUC: 0.9697
ACC: 94.62%
SEN: 92.31%
SPE: 95.60%
Precision: 90%
F1: 91.14%
AUC: 09711
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Year

2017

2015

2015

2016

2018

Author

Giannini et al.

(92)

Michoux et al.

(93)

Aghaei et al.
(94)

Aghaei et al.
(95)
Ravichandran
etal. (96)

Imaging
Modality

DCE-MRI

DCE-MRI

DCE-MRI

DCE-MRI

DCE-MRI

# Of Feature Information
Images

44 27 textural features
69 3 kinetic features, 2 BI-RADS based features, 21 texture- based features
68 39 contrast enhanced features from both segmented malignant tumor and

background parenchymal enhancement regions

151 10 global kinetic features

166 =

AUC, area under ROC curve; SEN, sensitivity; SPE, Specificity; ACC, Overall accuracy.

ML
Model

Bayesian
Classifier

Logistic
Regression

K-means
clustering

ANN

ANN

CNN

Evaluation
Metrics

ACC: 70%
SPE: 0.72
ACC: 74%
SEN: 0.74
SPE: 0.74
ACC: 68%
SEN: 0.84
SPE: 0.62

AUC: 0.96 +
0.03

ACC: 94%
SEN: 0.88
SPE: 0.98

AUC: 0.83 +
0.03

AUC: 0.85
ACC: 82%
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of pathways
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Size phenotypes
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. Morphological phenotypes
[ Enhancement texture phenotypes
Kinetic curve assessments
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—— Significant positive association
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Year

2015

2021

2019

2016

2014

2007

2020

2019

2016

2015

2018

2006

2020

2017

Author

Lietal.
(34)
Xiao
etal. (35)

Mori
et al. (36)

Kim
etal. (37)
Lietal
(38)

Yuetal
(39)

Kang
et al. (40)

Braman

etal. (41)
da Rocha
etal. (42)

Zhu et al.
(43)

Drukker
et al. (44)

Varela
etal. (45)

La Forgia
et al. (46)

Wu et al.
(47)

Imaging
Modality

DCE-MRI

DCE-MRI

DCE-MRI

DCE-MRI

DCE-MRI

DCE-MRI

DCE-MRI

DCE-MRI

Mammography

DCE-MRI

DCE-MRI

Mammography

CESM

DCE-MRI

Image Based Features
Extracted

Quantitative Kinetic Features:
K™, K¢ Ver ADC

Shape, intensity, and texture
features

Semi-Quantitative Kinetic
Features: PE, SER, FTV, WF

Semi-Quantitative Kinetic
Features: IER, SER, TIE

Quantitative Kinetic Features:
EMM derived metrics: A, o,
Aa, AUC30

Quantitative Kinetic Features:
K™, Kepp Vs
Semi-Quantitative Kinetic
Features: longest dimension,
tumor volume, SER, initiall AUC

Quantitative Kinetic Features:
trans i
K™, Kepy Voo Vp, and T

Quantitative Kinetic Features:
trans
K™% K

Tumor size

Quantitative Kinetic Features:
K™, kep, Ve, and v,

Texture and statistical features

Texture features from the local
binary pattern of images

Size, shape, morphological,
enhancement texture, kinetic
curves, enhancement-variance

Semi-Quantitative Kinetic
Features: Most enhancing
tumor volume (METV)
Texture features to characterize
contrast and spiculations from
the interior, border, and outer
area of the mass

Statistical features

Semi-Quantitative Kinetic
features: FTV features, BPE
features

Morphological and texture
features

PE, Specificity; ACC, Overall accuracy.

Physiological Features

MVD and Proliferation

MVD

MVD

MVD and VEGF

pathological response to
chemotherapy

response to chemotherapy based
on RECIST

ER, PR, HER2, Ki67, p53,
EGFR, CK5/6 and
lymphovascular space invasion

HER2+

Malignant or benign lesion

miRNA expression, protein
expression, gene mutations,
transcriptional activities, and
gene copy number variation
recurrence free survival based
on clinical examination after
surgery

Malignant or benign lesions

ER, PR, HER2, Ki67, Grade,
Triple-negative

molecular subtypes based on
THC

Relevant Results

K", Kep, and ADC closely correlate with MVD and
Proliferation

MVD associates with SER, WF, and radiomic features

A, 0, Ao, AUC30, and TIE significantly correlate with MVD

MVD correlates with V, and there is significant association
between K", tumor size, and MVD

SER and K., are significantly different between responders and
non-responders (p<0.05) and can be used to predict breast
cancer response to NACT

Tumor size significantly correlates with K™ and K, and
change in tumor size is a better response predictor than both
KRams or K

<p

High K" and k;, associate with poor prognostic
histopathologic factors

DCE-MRI texture and statistical features can identify molecular
subtype of HER2+ breast cancer from HER2- breast cancers

GLCM features derived from the Local Binary Pattern have the
best results for lesion classification ACC: 88.31% SEN: 85%
SPE: 91.89%

Transcriptional activities of various genetic pathways positively
associate with tumor size, blurred tumor margin and irregular
tumor shape, The miRNA expressions associates with the
tumor size and enhancement texture

METV from pre-NACT and early treatment scans associate
with recurrence-free survival

Features from the mass border and outer regions contain the
most information for distinguishing lesions.

Statistical radiomic features extracted from CESM can predict
histological outcomes

DCE-MRI based features may be able to non-invasively
determine the subtype of a breast cancer
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RBP

LIN28A/B
KHSRP

HnRNP1
HnRNPD(AUF1)
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HnRNP M
HnRNP I(PTB)

HnRNP H1

HnRNP K

SRSF1(SF2/ASF)

SRSF3 (SRp20)
SRP 1/2

Sam68

RBM47

DND1

IGF2BP1 (IMP1/
ZBP1)
IGFBP2(IMP2)

IGF2BP3(IMP3)

HuR

LARP6

LARP7

TTP

Wigl (ZMAT3)
CPEB1

EIF4E

Expression

Upregulated
Upregulated or
downregulated
Upregulated
Upregulated
Upregulated or
downregulated

Upregulated
Upregulated

Upregulated or
downregulated
Upregulated

Upregulated

Upregulated
Upregulated

Upregulated

Downregulated
Downregulated
Upregulated
Upregulated

Upregulated

Upregulated or
downregulated

Upregulated

Downregulated
Upregulated or
downregulated

Downregulated
Upregulated

Upregulated

Mechanisms

miRNA processing

miRNA processing

miRNA processing,
Alternative splicing

mRNA stability

mRNA stability,
translation

Alternative splicing

Alternative splicing

Alternative splicing

Subcellular localization

Alternative splicing

Alternative splicing

Alternative splicing

Alternative splicing

mRNA stability
mRNA stability

mRNA stability,
Subcellular
localization

mRNA stability

mRNA stability

mRNA stability,
translation

Translation

mRNA stability

mRNA stability

mRNA stability

Alternative
Polyadenylation,
Subcellular
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Targets

let-7
miR-192-5p, let-7
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RON, caspase-2
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MMP9, Myc
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CD44
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PKM, Cyclin D3
MADD30, Bcl-xs
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p21, CDK1, CDK7,
VEGEF-A, MMP9Y, ER, IL-8,
calmodulin
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FOXOL1, erbB2,

CXCR-4, SiRT1,

SOCS3, HIF-1-0,

Wnt5a, TP63,

BRCAL, IGFIR,

miR-125b

MMP-9, VEGF

FOXC2,Slug, Twistl, ZEB2,
7SK snRNP

Cyclin B1,Cyclin D1,
Bcl-2, VEGF

p53

MMP9
Z0-1

c-Myg, Cyclin D1

Traits

Proliferation, invasion,
metastasis, angiogenesis

EMT, invasion, metastasis

Proliferation, EMT

Proliferation, Senescence

Senescence, EMT,
invasion, metastasis

EMT, invasion, metastasis

Proliferation

Proliferation

Metastasis, proliferation

Senescence, EMT, invasion, metastasis,
proliferation, angiogenesis

Proliferation, apoptosis, EMT, metastasis

EMT, invasion, metastasis

Proliferation, EMT,
invasion, metastasis
Metastasis
Apoptosis
Proliferation, EMT,
invasion, metastasis

EMT, invasion,
metastasis

Proliferation, EMT,
invasion, metastasis

Proliferation, apoptosis,
angiogenesis,senescence,
invasion, metastasis

Angiogenesis, EMT,
Proliferation, invasion

EMT, invasion, metastasis

Angiogenesis, metastasis senescence,
Proliferation

Senescence

Proliferation, invasion,

angiogenesis, metastasis,
EMT,

Apoptosis, angiogenesis,
EMT, invasion, metastasis
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Expression in
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Downregulation
Upregulation

Downregulation

Upregulation
Upregulation

Upregulation
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Functions

Inhibits proliferation, invasion, migration, EMT;
regulates the cell cycle

Promotes migration, proliferation, invasion, stemness,
EMT and cholesterol synthesis; inhibits apoptosis
Inhibits self-renewal, EMT, cell contact, proliferation,
migration, invasion; regulates the cell cycle and
apoptosis

Promotes invasion, proliferation, migration,
angiogenesis; regulates the cell cycle; inhibits apoptosis
Promotes proliferation, migration, invasion, stemness;
regulates aerobic glycolysis, Warburg effect and pH
Promotes survival, proliferation, migration and
invasion; regulates the cell cycle
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regulates the cell cycle; inhibits apoptosis and invasion

Pathways/targets

P53, c-Myc, PTEN, ZO-1, STARD13-correlated ceRNA network
UFD1, NTS5E, Inc030, SQLE, PI3K/Akt signaling pathways

RASA1, MAPK signaling pathways, FOXO1, IncRNA ST8SIA6-
ASL

Snail, MMP-9, uPAR, FOXQI, VEGFA, CDK3, IncRNA AGAP2-
AS1, MTAL, TNF-o.
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(68)
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(69)
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Title

Guidelines of
Chinese Society of
Clinical Oncology
(CsCO) -
Pancreatic Cancer
(2022 Edition)

Clinical Practice
Guideline of
BRCA1/2 Testing
for Patients with
Breast Cancer:
Chinese Society of
Breast Surgery
(CSBrS) Practice
Guideline 2021

Expert Consensus
on Clinical
Treatment of
Familial
Hereditary
Tumors in China
(2021 Edition)-
Familial
Hereditary Breast
Cancer

Consensus of
Chinese Experts
on Hot Isssues in
GneticTesting of
Advanced Breast
Cancer (2021
edition)

Expert Consensus
on Clinical
Treatment of
Familial
Hereditary
Tumors in China
(2021 Edition)-
Familial
Hereditary
Prostate Cancer

Expert Consensus
on Clinical
Treatment of
Familial
Hereditary
Tumors in China
(2021 Edition)-
Familial
Hereditary
Ovarian Cancer

Chinese Expert
Consensus on
Genomic Testing
of Prostate Cancer
Patients (the 2020
edition)

Guideline on
Next-Generation
Sequencing-Based
BRCA1/2 Testing
(2019)

Expert Consensus
on BRCA1/2
Gene Testing and
Clinical
Application in
Chinese Breast
Cancer Patients
(2018 edition)

Guidelines for the
Diagnosis and
Treatment of
Ovarian
Malignancies (4th
edition)

Organization Year Language  Target

population
Chinese Society of 2022 Chinese
Clinical Oncology
Guidelines
Working
Committee

pancreatic
cancer patient

breast cancer
patient

Chinese Society of 2021

Breast Surgery
(CSBrS)

English

China Anti-
Cancer

2021  Chinese breast cancer
patient
Association,

Familial

Hereditary Cancer

Committee

International 2021  Chinese advanced
Medical society,
Chinese Anti-

cancer

breast cancer
patient

Association

China Anti-
Cancer
Association,
Familial

2021 Chinese prostate

cancer patient

Hereditary Cancer
Committee

China Anti- 2021 ovarian cancer
Cancer
Association,
Familial
Hereditary Cancer

Committee

Chinese
patient

China Anti-
Cancer

2020  Chinese prostate
cancer patient
Association

Genitourinary

Cancer

Committee

Working Group 2019 Chinese

of Guideline on

not specific

Next-Generation
Sequencing-Based
BRCA1/2 Testing
(2019)

Chinese Medical
Doctor

2018 breast cancer

patient

Chinese

Association,
Chinese Society of
Precision
Medicine, Breast
Cancer
Committee

China Anti-
Cancer

ovarian cancer
patient

2018  Chinese
Association

Gynecology

Cancer

Committee

Recommended population for genetic testing

Germline genetic testing is recommended for all patients diagnosed with
pancreatic cancer

1.Breast cancer diagnosed <45 years old;

2.Breast cancer diagnosed 46 to 50 years old with one or more of the
following: An additional breast cancer primary at any age; 21 close blood
relativet with breast cancer at any age; An unknown or limited family
history;

3.Diagnosed <60 years old with triple negative breast cancer;

4.Breast cancer diagnosed at any age with one or more of the following:
21 close blood relativet with breast cancer diagnosed 50 years old; >1
close blood relativef with ovarian carcinoma/metastatic prostate cancer/
pancreatic cancer/male breast cancer; 22 additional diagnoses of breast
cancer at any age in patient and/or in close blood relatives; Personal
history of ovarian carcinoma/pancreatic cancer;

5.Male breast cancer;

6.Patients with HER2negative recurrent metastatic breast cancer;
7.BRCA1/2 pathogenic/likely pathogenic variant were detected in tumor
tissues;

8.Individual from a family with a known BRCA1/2 pathogenic/likely
pathogenic variant;

9.0varian carcinoma;

10.High-grade prostate cancer with one or more of the following: >1
close blood relativest with ovarian carcinoma/pancreatic cancer/
metastatic prostate cancer/breast cancer <50 years old; >2 close blood
relativest with breast/prostate cancer (any grade) at any age.

a. Individuals with a history of breast cancer with any of the following
conditions:

1. Age at presentation < 50 years. 2. Triple-negative breast cancer. 3.
Male breast cancer. 4. Age at presentation >50 years and >1 other breast,
ovarian, pancreatic or prostate cancer in the family. 5. Patients with
operable primary HER-2 negative breast cancer with high risk of
recurrence, regardless of family history of breast cancer or other tumors.
6. HER-2 negative metastatic breast cancer.

b. Individuals with a history of breast cancer, regardless of whether they
have any of the following conditions: 1. Immediate family members with
known pathogenic or potentially pathogenic mutations in the BRCA1/2
gene. 2. A male breast cancer patient in the family. 3. Healthy
individuals* may be tested if they have >2 cases of breast cancer in the
family; or >2 tumor types including breast, ovarian, pancreatic, or
prostate cancer with at least 1 breast cancer in the family.(*However, it is
still reccommended that individuals with cancer in the family be tested as
a priority, especially those with early age of onset and multiple primary
tumors; healthy individuals in the family should be considered for testing
only when patients are not available.)

Patients with advanced breast cancer who are financially eligible and have
accessible pathological specimens.

Germline mutation testing for DNA damage repair genes, including
BRCA2, BRCAL, ATM, PALB2, CHEK2, MLH1, MSH2, MSH6, and
PMS2, is recommended for people at genetic risk for prostate cancer who
meet any of the following criteria:

1.Known family members carry pathogenic mutations in the above genes.
2. Patients with a clear family history of tumors and multiple cases in the
same family including bile duct cancer, breast cancer, pancreatic cancer,
prostate cancer, ovarian cancer, colorectal cancer, endometrial cancer,
gastric cancer, renal cancer, melanoma, small intestine cancer and
uroepithelial cancer, especially if their age of diagnosis is < 50 years; and
patients with a brother, father or other family members diagnosed with
prostate cancer or died of prostate cancer before the age of 60 years.
3.With a suspicious or unknown family history, recommended after
adequate genetic counseling evaluation.

4. Tumor tissue testing reveals no germline verification of the above gene
pathogenic mutation.

5.Intraductal carcinoma and ductal adenocarcinoma.

6.High risk and above, locally progressive and metastatic prostate cancer.

1.Patients with primary epithelial ovarian cancer;

2.Patients with recurrent epithelial ovarian cancer;

3.Individuals with germline mutations detected in ovarian cancer, further
“ cascade testing” of their family line is required

a. To provide genetic counseling for the purpose of 1. Patients with a
clear family history of prostate cancer who have not undergone risk
assessment at first diagnosis or who are at very low to intermediate risk;
patients with unknown or unclear family history need to be guided by
oncologic genetic counseling to consider the need for testing 2. Patients
with high-risk or very high-risk prostate cancer 3. Patients with locally
progressive (N1) or metastatic (M1) prostate cancer, intraductal
carcinoma of the prostate (IDC-P) or ductal adenocarcinoma of the
prostate (DAP) pathology Prostate cancer patients 4. Patients with
prostate cancer whose tumor tissue testing has identified mutations
associated with risk of tumor development and who lack verification of
germline variants will be considered for testing after genetic counseling
recommendations.

b. For the purpose of making treatment decisions 1. Patients with
metastatic castration-resistant prostate cancer (mCRPC)

a.To assess genetic risk, genetic counseling and germline BRCA1/2 gene
testing are recommended for relevant high-risk populations, including (1)
individuals from families with pathogenic/probably pathogenic mutations
in the BRCA1/2 gene; (2) patients with pathogenic/probably pathogenic
mutations in the BRCA1/2 gene identified by tumor testing but for whom
it is not clear whether they are germline mutations; (3) all newly
diagnosed patients with ovarian cancer, fallopian tube cancer and primary
peritoneal cancer; (4) breast cancer patients with age of onset of 40 years
or younger, triple negative breast cancer patients with age of onset of 60
years or younger, all male breast cancer patients; (5) all newly diagnosed
pancreatic cancer patients; (6) patients with high risk and above, N1 and
MI1 prostate cancer, prostate intraductal cancer patients; (7) breast cancer
and prostate cancer patients; (8) individuals with one or more 1st or 2nd
degree blood relatives meeting the above testing criteria, etc.

b.To guide the selection of subsequent treatment options, (1) germline
and/or somatic BRCA1/2 gene testing is recommended for all newly
diagnosed ovarian, fallopian tube, and primary peritoneal cancer patients,
and BRCA1/2 gene testing using newly obtained tumor tissue is
considered after recurrence); (2) germline BRCA1/2 gene testing is
recommended for HER2-negative advanced breast cancer patients when
considering chemotherapy gene testing; (3) germline and/or somatic cell
BRCA1/2 gene testing is recommended for patients with locally advanced
and metastatic pancreatic cancer at the time of diagnosis); (4) testing for
germline and somatic cell variants containing at least DNA damage
response genes such as BRCA1/2 is recommended for all patients with
metastatic desmoplastic resistant prostate cancer

Breast cancer patients: <40 years of age onset <50 years of age with:

(1) second primary breast cancer (2) 21 of the following family history
criteria: @ >1 consanguineous relative with a history of breast cancer at
any age; ® 21 consanguineous relative with a history of pancreatic cancer;
@ 21 relative with a history of prostate cancer (Gleason score 27); @
Unknown or limited family history <60 years of age with

(2) =1 consanguineous relative with a history of breast cancer at <50
years of age;

(3) 21 consanguineous relative with a history of ovarian cancer;

(4) 23rd degree relative with breast and/or ovarian cancer and 22
consanguineous relatives with breast cancer (at least 1 of whom is <50
years of age) and/or @ Family history of male breast cancer in a
consanguineous relative; @ >2 consanguineous relatives with pancreatic
and/or prostate cancer of any age (Gleason score 27); @ Known familial
pathogenic BRCA1/2 gene mutation

Genetic testing is recommended for individuals with one or more of the
following: (1) Known BRCA1/2 mutation in the family. (2) Personal
history of ovarian cancer or other HBOC-related tumors with age at
diagnosis <50 years. (3) Have HBOC-associated tumor with age at
diagnosis < 60 years and a second primary tumor, or triple-negative
breast cancer, or > 1 close relative with HBOC-associated tumor (4) >2
close relatives with HBOC-associated tumors. (5) Male breast cancer
patients, or male close relatives with breast cancer; BRCA1/2 mutation
detected in tumor tissue, but germline analysis not performed.
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*Only large-scale studies (n>50 in unselected cancer or n>300 in general population) are included.
**NGS panel mainly refers to the 2 gene panel (BRCAI and BRCA2).
he nuniber of cancer susceptibility genes contained in NGS multi-gene panel.
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Sequencing
methods
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+sanger

NGS panel
+sanger

NGS panel
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NGS panel
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NGS panel
+sanger
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(21"*)+sanger
NGS multi-
gene panel (43)
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+duplicate
independent
PCR
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NGS panel
NGS panel
+sanger

NGS panel
+sanger
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NGS multi-
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panel/MLPA
+Sanger

NGS panel

NGS panel
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NGS panel

NGS multi-
gene panel (18)
+sanger/qPCR
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multi-gene
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NGS panel
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‘multicenter

singlecenter

singlecenter
singlecenter

singlecenter

singlecenter
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singlecenter
gl
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‘multicenter
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singlecenter

singlecenter
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singlecenter
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Regions

nation-wide

Macau
Shanghai,
Fujian
Guangdong

Tianjin

Zhejiang

Beijing

Guangdong

Guangdong

Hunan

Shanghai,
Fujian

Beijing

nation-wide
(28 centers)

Beijing

nation-wide
(26 centers)

Guangdong

Hongkong

nation-wide
(18 centers)

Inner
Mongolia,
Jilin

Shanghai

Fujian

Sichuan

Shanghai
Shanghai

Sichuan

Guangdong,
Shandong,
Chongging
Shandong

Beijing

nation-wide

Shanghai,
Beijing,
Shandong,
Guangdong,
Sichuan

Beijing
Hong Kong

Guangdong
Shanghai

nation-wide
(25 centers)

Anhui

Beijing

Shanghai

Shanghai

Sichuan

Shanghai,
Hong Kong,
Sichuan,
Guangdong
Shanghai

Shanghai

Beijing

Study
Population

general
general
general
general

general

high
population

breast cancer/
high risk
population

breast/ovarian
cancer

breast cancer

breast cancer

breast cancer

breast cancer

breast cancer

breast cancer

breast cancer

breast cancer

breast cancer

breast cancer

breast cancer

breast cancer

breast cancer

breast cancer

breast cancer

breast cancer

breast cancer

breast cancer

breast cancer

breast cancer

breast cancer

breast cancer

breast cancer

ovarian/
fallopian tube/
peritoneal
cancer
ovarian/
fallopian tube/
peritoncal
cancer

ovarian cancer

ovarian cancer

ovarian cancer

ovarian cancer

ovarian cancer

ovarian cancer

ovarian cancer

ovarian cancer

ovarian cancer

pancreatic
cancer

pancreatic
cancer

pancreatic
cancer

prostate
cancer

prostate
cancer

prostate
cancer

colorectal

cancer

liver cancer

Select crite-
ria

healthy
population
healthy

population

healthy
population

healthy
population

healthy
population
high risk of
HBOC

familial patients
and their direct
relatives

familial

unselected

unselected

unselected
unselected

unselected

unselected

familial

familial

familial

sporadic

high risk

high risk

high risk

high risk

high risk

high risk

early-onset
TNBC
early-onset

carly-onset

TNBC
TNBC

non-early-onset

unselected

unselected

unselected

unselected

unselected

unselected

Hakka people
high grade
serous ovarian
cancer
epithelial
ovarian cancer

epithelial
ovarian cancer

epithelial
ovarian cancer

unselected

unselected

pancreatic
ductal
adenocar

unselected

unselected

unselected

unselected

Size

11386

6434

6314

1043

1763

882

116

133

21216

8085

2769

524

340
313

2560

805

481

5963

937

480

41

437

431

216

355

1347
27

595

547

62

1131

826

172

155

195
115

916

18

50

1080

608

195

1836

314

246

2160

357

Age
range

>19

13-80

26-76

274

2286

21-84

1977

877

17-82

18-87

21-67

24-40
<40

23-40

24-55
41-68

22-80

3482

9-24

18-81
9-85

38-79

20-81

3179

2579

20-87

27-79

61-73

34-84

57-69

1688

51

47

12

34

46

56

52

51

53

60

59

64

65

Average
age

F34.8/
M430

348

F42.0/
M410

375

47.0

500

130

197

494
492

199
512

375

418

471

520

8.0

515

525
447

542

520

67.0

634

56.0
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Factor Study model Regulation Key biologic function

ETBF
BFT BALB/C, MCF-7, Up ETBF produces BFT, which is highly invasive in breast cells and expresses migration-
MCEF-10A and metastasis-related genes (137-139)
Antibiotics
MMTV-PyMT Up Dysbiosis was associated with enhanced distant metastasis and dissemination of breast
tumor cells (140)
BRPKP110 Up Infiltration of myeloid cells in breast tissue was enhanced after FMT perfusion (140)
GFP+ tumor cells Up Dysbiosis was associated with increased breast tumor cell dissemination (140)
M2-like macrophages Up Dysbiosis was associated with enhanced infiltration of myeloid cells into the breast
tissue (140, 141)
VNMAA or vancomycin PyMT-BO1 Up Significant reduction in gut microbiota abundance and accelerated tumor growth were
observed after VNMAA treatment (146)
E0771 Uncertain  Increased homing/value-added of mast cells in breast cancer tumors where gut
microbiota were disturbed after antibiotic treatment (146)
VNMA PyMT-BO1, E0771 Up Antibiotic-induced dysbiosis of microflora was associated with reduced expression of
pro-apoptotic genes and increased expression of pro-survival genes (153)
PyMT-BO1, E0771 Up Antibiotic administration was associated with dramatic differences in the regulation of
microbial metabolic pathways and increased tumor growth rates in laboratory animals
(146, 148)
cefadroxil PyMT-BO1 Up Gut microbial aggregation, genus differences, and accelerated tumor growth were
observed in cefadroxil-treated animals (146, 148)
Probiotics
CRLA431 Down FM was associated with inhibited mammary tumor growth and metastasis in mice
(185)
Kefir water 4T1, BALB/C Down Administration of kefir water was associated with inhibition of tumor size and distant
metastasis with downregulatory effect (190, 191)
L. brevis BALB/C Down L. brevis administration was associated with immune response and reduced liver

metastases from mammary carcinoma in mice (195)
Microbial metabolite
SCFAs SCFAs Down Butyrate has anti-cancer properties (159, 175, 176)

LCA MCEF-7, SKBR3, 4T1 Down LCA was associated with inhibition in the growth of breast cancer cells (180) and
reduction in infiltration by the primary tumor into the surrounding tissue and
metastasis (168)

Cadaverine 4T1, MDA-MB-231,  Down Cadaverine can fight breast cancer progression by inhibiting EMT, cell motility,
SKBR3 chemotaxis, and metastasi (182)

Diet

Lactobacillus casei Shirota and Uncertain

Soy isoflavones from puberty onwards (207)
polyphenol (173) Uncertain

Fucoidan (209) Uncertain

ETBF, Enterotoxigenic Bacteroides fragilis; BFT, B. fragilis; BALB/C, experimental mouse; MCF-7, human breast cancer cells; MCF-10A, epithelial cell line; MMTV-PyMT, mouse model of
highly metastatic breast cancer; BRPKP110, HR+ mouse breast cancer cell line model; FMT, fecal microbiota transplantation; GFP+, Green fluorescent protein; VNMAA, vancomycin,
neomycin, metronidazole, amphotericin, ampicillin; PyMT-BO1, PyMT-derived ductal cell line in situ mammary fat pad injection model; E0771, spontaneously derived basal cells; VNMA,
vancomycin, neomycin, metronidazole, amphotericin; FM, fermented milk; CRL431, type of L. casei used to ferment milk; 4T1, breast cancer cells; SCFAs, short-chain fatty acids; TLR4,
Toll-like receptor 4;LCA, lithophanic acid; MDA-MB-231, breast cancer cells; SKBR3, breast cancer cells; EMT, epithelial-mesenchymal transition.
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16S rRNA
sequences

V3-V4 16S rRNA
sequencing
(Ilumina)
Pipeline: QIIME
Tllumina
sequencing

16s rRNA gene
sequencing

V3-V4 165 rRNA
Gene Sequencing

TS | rieans dowi:

Sample type
Non-breast
cancer
patients
31 women with early-stage BC: 15 stage 0, 7
stage I, 7 stage IT and 2 stage IIL.
48 postmenopausal women with BC and 48
paired control women
18 premenopausal BC patients, 25
premenopausal healthy patients, 44
postmenopausal BC patients and 46
postmenopausal healthy patients
54 premenopausal 1 Photobacterium,
women with breast cancer and 28 normal Pseudobutyrivibrio

premenopausal women

30 healthy women controls and 25 breast cancer  1Bacteroidetes
patients

Gut flora related results

Breast cancer patients

1Bacteroidetes, Clostridium coccoides cluster, Clostridium leptum
cluster, Faecalibacterium prausnitzii, and Blautia spp. in patients
with stage II/IIl BC compared to patients in stage 0/1.

1Clostridiaceae, Faecalibacterium, and Ruminococcaceae and |
Dorea and Lachnospiraceae in BC patients compared to controls.

1Escherichia coli, Citrobacter koseri, Acinetobacter radioresistens,
Enterococcus gallinarum, Shewanella putrefaciens, Erwinia
amylovora, Actinomyces spp. HPA0247, Salmonella enterica, and
Fusobacterium nucleatum and

| Eubacterium eligens and Roseburia inulinivorans in
postmenopausal BC patients.

1Firmicutes/Bacteroidetes (F/B)
Ratio;
1Parasutterella and Campylobacter

1Firmicutes
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(89)

(90)

(1)

(92)

(93)
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Mian
methodology

Pyrosequencing V4
16S rDNA

Pipeline: QIIME
V3-V4 168 rRNA
sequencing (Illumina)
Pipeline: UCLUST

V3-V5 16S rRNA
amplified sequencing
data

V1-V2 16S rRNA
sequencing (Illumina
HiSeq)

Pathochips array

Pathochips array

V3 16S-rRNA gene
amplicons sequencing
(Ion Torrent)

V6 16S rRNA gene
sequencing (Illumina
MiSeq)

Pipeline: QIIME

V3-V5 16S rDNA
hypervariable taq
sequencing (Illumina
MiSeq)

Pipeline: IM-
TORNADO

V4 16S rRNA gene
sequencing (Illumina
MiSeq)

Pipeline: Mothur

V4 168 rRNA gene
sequencing (Illumina
Miseq)

V3-V4 and V7-V9 168
rRNA gene
sequencing

16s rRNA gene
sequencing;
Quantitative Insights
into Microbial Ecology
(QIIME) tool;RStudio

Kraken2 and
Metaphlan3

Tllumina MiSeq
sequencing

4 i i, | theans down

Sample type

20 BC patients

57 women with invasive breast
carcinoma and 21 healthy
women

668 tumor tissues and 72 normal
adjacent tissues from The Cancer
Genome Atlas (TCGA)

22 Chinese patients with benign
tumor and 72 malignant BC
patients

20 normal breast tissue and 148
BC tissue

100 women with triple negative
BC (TNBC), 17 matched
controls and 20 non-matched
controls

16 Mediterranean patients with
BC

58 women after surgery:13
benign, 45 cancerous tumors and
23 healthy women

28 women undergoing non-
mastectomy breast surgery: 13
benign breast disease and 15
invasive BC

25 women with breast cancer
and 23 healthy women

32 women with BC stage 0 to 1T

221 patients with breast cancer,
18 individuals predisposed to
breast cancer, and 69 controls.

Bilateral normal breast tissue
samples (n = 36) and breast
tumor samples (n = 10)

breast tumours and normal
tissues (from cancer-free
women) of 23 individuals
(Slovak); 91 samples obtained
from SRA database (China)

Tumor tissue and normal tissue
in 34 women

Normal breast
tissue

1 Methylobacterium

| Methylobacterium
(1Ralstonia)

| Prevotella,
Lactococcus,
Streptococcus,
Corynebacterium and
Staphylococcus

lunclassified genus
of the
Sphingomonadaceae
family in NAF

1Stenotrophomonas
and Caulobacter

T(OUT)
[Mogibacteriaceae]
family, and
Flavobacterium,
Acinetobacter,

and Brevibacillus
genera

1Proteobacteria
(47%), Bacteroidetes,
Firmicutes and
Actinobacteria (12%)
(Slovak women);
1Proteobacteria
(42%), Firmicutes
(42%), Actinobacteria
(5%), Cyanobacteria
(4%)
TActinobacteria,

| Proteobacteria,

Microbiome related results

Non-
cancerous
adjacent
tissues

1Sphingomonas
yanoikuyae

1Actinobacteria
and Firmicutes

Breast cancer (BC)

1Methylobacterium radiotolerans

1Alcaligenacea

1Proteobacteria, Mycobacterium fortuitum and
Mycobacterium phlei

1Propionicimonas, Micrococcaceae, Caulobacteraceae,
Rhodobacteraceae, Nocardioidaceae and
Methylobacteriaceae (Ethnicity-related);
|Bacteroidaceae and 1 Agrococcus (with malignancy)

TActinomyces, Aerococcus, Arcanobacterium,
Bifidobacterium, Bordetella, Cardiobacterium,
Corynebacterium, Eikenella, Fusobacterium, Geobacillus,
Helicobacter, Kingella, Orientia, Pasteurella, Peptinophilus,
Prevotella, Rothia, Salmonella, and Treponema

1Arcanobacterium (75%), Brevundimonas, Sphingobacteria,
Providencia, Prevotella, Brucella, Eschherichia, Actinomyces,
Mobiluncus, Propiniobacteria, Geobacillus, Rothia,
Peptinophilus, and Capnocytophaga (Canimorsus)
Herpesviridae, Retroviridae, Parapoxviridae,
Polyomaviridae, Papillomaviridae (virus)

Sphingomonas

‘Bacillus, Staphylococcus,

Enterobacteriaceae

(unclassified), Comamondaceae (unclassified) and
Bacteroidetes (unclassified)

Fusobacterium, Atopobium, Gluconacetobacter,
Hydrogenophaga and Lactobacillus

Alistipes

Akkermansia muciniphila (AM) in BC patients with
elevated body fat.

Propionibacterium and Staphylococcus

(OUT) Ruminococcaceae,
Rikenellaceae, genera Butyricimonas, Sutterella, and
Akkermansia.

1Acinetobacter, Rhodobacter, Micrococcus, order
Corynebacteriales and Priestia megaterium (Slovak
patients)

1Streptomyces, viruses Siphoviridea and Myoviridae (China
patient)

1Firmicutes and Alpha-proteobacteria
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The top S countries contributed to research publications in the field

Rank  Country Number Percentage H-index Citations
1 USA 54 29.67% 8 143

2 ITALY 34 18.681% 10 375

3 CHINA 17 9.341% 5 101

4 TURKEY 14 7.692% 3 25

5 ENGLAND 13 7.143% S 117
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Reference Population n (triple- Specimen TiLs Cut-off value  Outcomesfor Outcomes for Adjustment variables

negative evaluated evaluated univariate multivariate
breast analysis analysis
cancer)
(48) Asian 308 Resected  Stromal >10 vs. <10% No specified 0OS (HR: Tumor size, LN metastasis, LVI, and histologic
specimen 0.493,95% grade
Cl: 0.232-
1.047)
DFS (HR:
0.429, 95%
Cl: 0.215-
0.859)
(49) Asian 61 Biopsy Stromal High (=10%) vs. For DFS (HR: DFS (HR: Pathological response
low (<10%) 0.18,95% Cl:  0.24, 95% Cl:
0.05-0.58) 0.07-0.82)
(50) Asian 381 Resected ~ Stromal Low (<10%) vs. RFS (HR: RFS (HR: Nodal status
specimen Intermediate (10~ 2.68, 95% Cl:  2.49, 95% Cl:
50%) + high 1.13-5.95) 1.05-5.55)
(>60%)
(51) Asian 166 Biopsy Stromal Continuous (per ~ pCR for sTILS  pCR for sTILS  Age, histological grade, tumor size, nodal
10% increase) (OR: 1.07, (OR: 1.05, status, LVI, Ki67 index, and NAC
95% Cl: 1.03- 95% Cl: 1.02—
1.10) 1.09)
Intratumoral PCR for iMILS ~ pCR for iTILs
(OR: 1.10, (OR: 1.06,
95% Cl: 1.04- 95% Cl: 1.00—
1.16) 1.12)
(52) Asian 121 Resected  Stromal Continuous (per DFS for sTILs  DFS for sTILs  Age, T stage, and nodal status
specimen 10% increase) (HR: 0.75, (HR: 0.99,
95% Cl: 0.28- 95% Cl: 0.97-
2.03) 1.01)
Intratumoral DFSforiTiLs ~ OS for sTILs
(HR: 0.66, (HR: 0.99,
95% Cl: 0.24- 95% Cl: 0.97—
1.88) 1.02)
(53) European 199 Biopsy Stromal Continuous (per OS for sTILs OS for sTiLs ~ Grade, LN status, and treatment arm
10% increase) (HR: 0.89, (HR: 0.85,
95% Cl: 0.78- 95% Cl: 0.74-
1.02) 0.99)
Intratumoral OS for iTlLs OS for iTlLs
(HR: 0.83, (HR: 0.82,
95% Cl: 0.69- 95% Cl: 0.68—
0.99) 0.99)
(54) European 897 Resected  Stromal Continuous (per DDFS (HR: DDFS (HR:  Age, LN status, tumor size, tumor grade,
specimen 10% increase) 0.79, 95% Cl:  0.76, 95% CI:  peritumoral vascular invasion, and Ki67 index

0.74-0.86) 0.69-0.84)
OS (HR: 0.79, OS (HR: 0.76,
95% Cl: 0.72- 95% Cl: 0.68—

0.86) 0.84)
(55) European 647 Resected  Stromal =50 vs. < 50% BCFI (HR: BCFI (HR: Age, nodal status, tumor size, and tumor
specimen 0.87,95% Cl:  0.87,95% Cl: grade

0.79-0.95) 0.79-0.96)
DFS (HR: DFS (HR: 0.9,
0.89, 95% Cl:  95% Cl: 0.82-
0.82-0.97) 0.97)
DRFI (HR: DRFI (HR:
0.84, 95% Cl:  0.83, 95% Cl:
0.74-0.94) 0.74-0.94)
OS (HR: 0.83, OS (HR: 0.83,
95% Cl: 0.74- 95% ClI: 0.74—
0.92) 0.93)
(56) European 607 Biopsy Stromal Continuous (per DFS (HR: DFS (HR: Age, T stage, N stage, histopathological type,
10% increase) 0.93,95% Cl:  0.95, 95% CI:  tumor grading, and molecular subtype
0.87-0.98) 0.89-1.01)
OS (HR: 0.92, OS (HR: 0.95,
95% Cl: 0.86- 95% Cl: 0.88—
0.99) 1.08)
PCR (HR: PCR (OR:
1.16,95% Cl:  1.17,95% Cl:
1.10-1.22) 1.11-1.24)
(57) European 314 Biopsy Stromal Continuous (per PCR (HR: pCR (HR: LPBC, tumor grade, T stage, nodal status,
10% increase) 1.15,95% Cl:  1.17,95% Cl:  therapy, and age
1.05-1.26) 1.06-1.30)

(58) European 304 Residual Stromal Continuous (per ~ OS (HR: 0.79, OS sTILs (HR: Age, stage, histotype, grade, nodal status
disease 10% increase) 95% Cl: 0.71-  0.86, 95% Cl:  after chemotherapy, residual tumor size, neo,
0.89) 0.77-0.97)  and neo + adj

OSiTlLs (HR:  OSITILs (HR:
0.78,95% CI:  0.86, 95% Cl:
0.68-0.89) 0.75-0.99)

Intratumoral MFS sTiLs MFS sTiLs
(HR: 0.79, (HR: 0.86,
95% Cl: 0.71- 95% Cl: 0.77—
0.88) 0.96)
MFS iTILs MFS iTILs
(HR: 0.77, (HR: 0.85,
95% Cl: 0.68- 95% Cl: 0.75—
0.88) 0.98)
(59) European 375 Residual Stromal Continuous (per RFS (HR: RFS (HR: Age, pretreatment tumor size, pretreatment
disease 10% increase) 0.83,95% Cl:  0.86, 95% Cl: nodal status, and RCB class

0.76-0.90) 0.78-0.93)
OS (HR: 0.82, OS (HR: 0.85,
95% Cl: 0.75- 95% Cl: 0.77-
0.89) 0.94)
1) Australian 134 Biopsy Stromal Continuous (per DDFS (HR: DDFS (HR:  Tumor size, histological grade, nodal status,
10% increase) 0.79,95% Cl:  0.77,95% Cl: and age
0.64-0.98) 0.61-0.98)
OS (HR: 0.80, OS (HR: 0.81,
95% Cl: 0.62- 95% Cl: 0.61-

1.03) 1.1)
(22) United 481 Resected  Stromal Continuous (per DRFI (HR: DFS (HR: Tumor size, node status, and age
States specimen 10% increase) 0.82,95% Cl:  0.84, 95% Cl:

0.68-0.99) 0.74-0.95)
OS (HR: 0.81, DRFI (HR:
95% Cl: 0.69- 0.81, 95% Cl:

0.95) 0.68-0.97)
OS (HR: 0.79,
95% Cl: 0.67—
0.92)
(60) United 157 Resected  Stromal Continuous DFS HR: DFS (HR: LV invasion and Nottingham histologic grade
States specimen 0.96,95% Cl:  0.95, 95% Cl:  and stage

0.93-1.00) 0.91-1.00)
OS (HR: 0.96, OS (HR: 0.95,
95% Cl: 0.93- 95% Cl: 0.91—

1.00) 1.00)
61) United 605 Resected  Stromal Continuous (per IDFS (HR: IDFS (HR: Age, menopausal status, tumor size, nodal
States specimen 10% increase) 0.89,95% Cl:  0.90, 95% Cl: status, Nottingham grade, Ki67 index, LPBC,
0.83-0.95) 0.86-0.94)  histopathology subtypes, and type of breast

surgery

OS, overall survival; DFS, disease-free survival; RFS, recurrence-free survival; pCR, pathological complete response; DDFS, distant disease-free survival; BCFI, BC-free interval; DRFI,
distant recurrence-free interval; MFS, metastasis-free survival; IDFS, invasive disease-free survival: LN, lymph nodes; LVI, lymph-vascular invasion; NAC, neoadjuvant chemotherapy;
LPBC, lymphocyte-predominant BC.
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Reference Population Specimen Biomarker  Outcomes for Outcomes for Adjustment variables Methodology
(triple-negative  evaluated analyzed univariate analy- multivariate
breast cancer) sis analysis
(66) Asian 39 Biopsy and CRF CRF low vs. high  CRF low vs. high Pathological response Tissue
residual RFS (HR: 11.420, RFS (HR: 13.021, sections
disease 95% Cl: 2.215- 95% Cl: 2.241-
208.742) 258.136)
OS (HR: 9.847, OS (HR: 8.346,
95% Cl: 1.883— 95% Cl: 1.538-
180.764) 165.128)
(67) Asian 164 Biopsy CD8 None reported ~ CD8 iTILs high vs. Tumor size, LN stage TMA
low
DFS (HR: 0.48,
95% Cl: 0.27-
0.83)
OS (HR: 0.59,
95% Cl: 0.32—
1.07)
CD4 CD4 iTILs high vs.
low
DFS (HR: 0.62,
95% Cl: 0.36—
1.07)
0OS (HR: 0.55,
95% Cl: 0.30-
1.01)
CD#4 sTILs high
vs. low
DFS (HR: 0.46,
95% Cl: 0.26—
0.82)
OS (HR: 0.44,
95% Cl: 0.24—
0.83)
(68) Asian 110 Biopsy CD8 CDB8/FOXP3 (high  CD8/FOXP3 (high Age, menopausal status, tumor Tissue
vs. low) vs. low) size, TNBC subtype, Ki67, CD8, sections
FOXP3 PCR (HR: 493,  pCR (HR:5.32, and VPR
95% Cl: 1.82— 95% Cl: 1.62—
15.09) 19.98)
(35) Asian 164 Biopsy Treg Intratumoral Treg  Intratumoral Treg  Tumor size, nuclear grade, and age  TMA
(high vs. low) (high vs. Low)
OS (HR: 0.59, OS (HR: 0.49,
95% Cl: 0.33- 95% Cl: 0.25—
1.04) 0.95)
DFS (HR: 0.49, DFS (HR: 0.33,
95% Cl: 0.20— 95% Cl: 0.17-
0.83) 0.66)
(69) Asian 278 Resected FOXP3 Stromal FOXP3 Stromal FOXP3 ~ TNM stage, p53 status, EGFR Tissue
specimen (high vs. low) (high vs. low) status, Scd8, TILs, Sfoxp3, and sections
0OS (HR: 1.743, OS (HR: 1.712,  prognostic risk score
95% Cl: 1.111- 95% Cl: 1.085—
2.734) 2.702)
(70) European 179 Resected CD8 High vs. low High vs. low Tumor size Tissue
specimen OS (HR:2.1,95% OS (HR: 1.8, 95% sections
Cl: 1.1-4.5) Cl: 1.1-4.4)
(71) European 213 Biopsy TiLs None reported Average TILs CD3, CD8, FOXP3, CD20, and Tissue
BCSS (HR: 0.3, CD68 sections
95% Cl: 0.1-0.8)
(72) European 175 Resected FOXP3 None reported High vs. low N/A TMA
specimen RFS (HR: 0.371,
95% Cl: 0.213-
0.644)
DSS (HR: 0.416,
95% Cl: 0.231-
0.750)
(73) United 183 None FOXP3 High vs. low None reported ~ N/A T™MA
States specified OS (HR=127,
95% Cl: 4.5-35.6)
CD163 High vs. low
0OS (HR=32,
95% Cl: 1.7-6.2)
(74) United 160 Resected CD8 High vs. low in AA  High vs. low in AA  Age TMA
States specimen OS (HR: 0.51, 0OS (HR: 0.51,
95% Cl: 0.25— 95% Cl: 0.25—
1.08) 1.04)

OS, overall survival: DFS, disease-free survival: RFS, recurrence-free survival; pCR, pathological complete response; BSCC, BC-specific survival: LN, lymph nodes; AA, African American.
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